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Autism Spectrum Disorders (ASD) are a group of neurodevelopmental disorders 
characterized by severe impairments of reciprocal social interaction, verbal and 
nonverbal communication, repetitive and stereotyped behaviours and abnormal 
sensory processes as defined by the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth edition  (DSM-5) (American Psychiatric Association 2000, 2013). 
After the term autism was introduced in 1908, psychiatrist Leo Kanner, M.D., was 
the first to describe the “autistic disturbances of affective contact” syndrome 
in a scientific paper in 1943 (Kanner 1943). However, “Infantile autism” was not 
added to the DSM until 1980, following a twin study describing for the first time 
autism as disorder with a strong genetic loading (Folstein and Rutter 1977b, 
1977a). Since then, 40 years of genetic and neurobiological research have past, 
but unfortunately, our knowledge of the neurobiological mechanisms underlying 
the disorder is rather limited. 
Researchers have been able to visualize, measure and quantify brain structures 
since the early 1980s, when Magnetic resonance imaging (MRI) was introduced. 
It uses non-ionising magnetic fields and radio waves to generate images of 
the body in situ. Functional MRI (fMRI), with its emergence around the early 
1990s, provided an even greater opportunity for research. fMRI capitalizes the 
finding that cerebral blood flow and neural activity are coupled, as it is able to 
measure changes in blood-oxygen-level dependent contrast. Yet, after 20 years 
of fMRI research in ASD, MRI research still has to overcome many fundamental 
challenges to generate a more comprehensive characterization of the disorder 
on the neuronal level. One of the challenges is linked to the naturally occurring 
developmental changes throughout the brain. Most of the neuroscientific 
research controls for developmental effects by stratifying their test subjects into 
different age groups assuming that the state of brain development is more or less 
similar between members within those groups. However, there are a couple of 
issues related to this approach in ASD research. First, the speed of maturation of 
certain brain regions and its underlying cognitive domains greatly differs between 
individuals, such that even healthy brain development is not understood well yet. 
As our understanding of healthy brain is fragmentary yet, the concept of “brain 
abnormalities” during development in subjects with ASD thus remains especially 
abstract and theoretical in nature. Second, how ASD manifests on the behavioural 
and brain level changes throughout development as well. For instance, what may 
be abnormal development for adolescents might not be abnormal for infants. 
Therefore, researchers face a challenging task when aiming to differentiate ASD 
related effects from ASD-unrelated individual effects between test subjects. 
Another factor that hampers the investigation of ASD abnormalities in scientific 
studies is biological heterogeneity. We refer to biological heterogeneity when 
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biological differences between individuals such as age, gender and IQ are thought 
to explain some of the underlying neuronal and cognitive variance within a sample. 
The larger the heterogeneity between individuals within an experimental sample, 
the more underlying neuronal variance impedes statistical inference by e.g. larger 
standard deviations. Also less biologically relevant methodological and technical 
characteristics such as sampling size, study equipment, pulse sequence may 
contribute to heterogeneity. This issue is not only limited to small datasets, but 
persist in larger data sets as well, since large neuroimaging datasets usually consist 
of post-study combined datasets across different locations. The investigation of 
combined multi-cohort datasets has often resulted in null findings, presumably as 
a consequence of the heterogeneity that is induced by different data collection 
protocols or varying diagnostic standards. Along with this, meaningful differences 
in structure, function or developmental trajectory of the brain between ASD and 
controls might either not have been found, or alternatively, apparent differences 
between ASD and controls might have been caused by sample heterogeneity 
rather than by ASD itself. However, stratifying meaningful heterogeneity in ASD 
is an important factor in producing replicable findings and for the identification 
of different phenotypes in ASD. One solution would entail the stratification of 
sufficiently large samples into meaningful biological groups, while controlling for 
confounding factors such as different study sites. 
In this dissertation, I therefore investigate ASD using two distinct datasets. The 
first three experimental chapters analysed a dataset that originated from a study 
conducted by Karakter Child and Adolescent Psychiatry and supported by the 
Hersenstichting. It collected data from healthy adolescents and adolescents with 
ASD without any additional comorbid disorders and within a strictly controlled 
experimental set-up. This homogenous sample was suitable to investigate ASD “core 
features” in adolescents. The second dataset investigated data from the European 
Autism Interventions - A Multicenter Study for Developing New Medications  (EU-
AIMS). The Longitudinal European Autism Project (LEAP) is part of EU-AIMS and 
involves the collaboration between many international neuroimaging, clinical 
and academic institutes for the collection and analysis of multi-modal data, e.g. 
genetic, neuroimaging, psychometric, clinical data, across a heterogeneous range 
of individuals with and without ASD (Loth et al. 2017). EU-AIMS was called into 
life to facilitate the stratification of meaningful neurological subtypes in ASD by 
collecting large amounts of data using combined study protocols across different 
study sites and within predefined age and gender samples. This collaborative 
effort ultimately aids the identification of biomarkers and the development of 
targeted biological interventions for different ASD subtypes. In this dissertation, 
I replicated one of the analyses in the homogeneous adolescent ASD sample in 
Introduction
13
1
the LEAP dataset. By comparing the results from the homogeneous adolescent 
sample with a broader more generalizable sample, I am able to verify and compare 
previous results and formulate important implications for the neurobiology of 
ASD.
Autism Spectrum Disorder 
ASD is persistent neuropsychiatric disorder with a relatively high prevalence 
of 2.24%. There is a substantial difference between the prevalence in males 
(3.29%) and females (1.15%) (Zablotsky et al. 2015). Twin studies revealed that 
the disorder is highly heritable, but no specific gene has been pinpointed so far. 
Instead, estimations of the proportion of ASD symptoms explained by common 
genotyped single-nucleotide polymorphisms (SNPs) lie between 17% and 60%, 
which means that different highly prevalent genetic variations were associated 
with ASD in these individuals. Only 10–25% of ASD symptoms are attributed to a 
single genetic alteration. Overall, risk genes encoding synaptic scaffolding proteins, 
receptors, cell adhesion molecules or proteins that are involved in chromatin 
remodelling, transcription, protein synthesis or degradation, or actin cytoskeleton 
dynamics were identified, leading to increased or decreased neuronal connectivity 
(Bourgeron 2015). 
ASD is diagnosed in the presence of persistent deficits in two core autistic domains: 
1) social communication and/or social interaction across multiple contexts and 
2) restricted, repetitive patterns of behaviour, interests, or activities and/or 
abnormal reactions to sensory stimuli. The severity of symptoms determines 
on which end of the spectrum an individual can be classified, ranging from mild, 
moderate or severe ASD based on the current DSM-5 criteria. Commonly agreed 
diagnostic instruments are the autism diagnostic interview-revised (ADI-R), 
the autism diagnostic observation schedule ADOS and rating scales such as the 
autism questionnaire (AQ) and the social responsiveness scale (Lord, Rutter, 
and Le Couteur 1994; Baron-Cohen et al. 2001; Gotham, Pickles, and Lord 2009; 
Constantino and Gruber 2012). ASD is thus a behavioural diagnosis in which there 
are currently no diagnostic biomarkers. 
The social communication and social interaction subdomain describe impairments 
in non-verbal communication (e.g. from less eye contact, less body language to 
a lack of facial expressions) or social-emotional reciprocity impairments ranging 
from difficulties to maintain conversations, reduced sharing of interests, emotions 
or affect to failure to respond to social interactions. Developing, maintaining and 
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understanding social relationships is inherently difficult for people with ASD, 
resulting in a lack of friends, misjudging appropriate social behaviour or even 
experiencing a lack of interest in others. 
The second symptom domain is the restricted, repetitive behaviour (RRB) 
subdomain and manifests in stereotypic or repetitive movements, speech or use 
of objects varying from excessive spinning of objects, lining up toys, echolalia 
to the use of idiosyncratic phrases. Individuals with ASD experience extreme 
distress at small changes and have highly restricted or intense interests. Since 
the DSM-5, abnormal sensitivity and processing of sensory stimuli (e.g. hyper 
or hyposensitivity) were added to the symptom criteria within the restricted 
repetitive patterns domain. Such sensitivity issues vary from indifference to pain, 
to severe distress from hearing specific sounds or exposure to certain textures. 
Further, an obsessive interest in e.g.  smelling or touching objects, and observing 
lights and movements can also be present. 
Overall, outcomes for adults with ASD in terms of jobs, relationships, independent 
living and mental health are considerably poorer than for same age peers (Howlin 
and Magiati 2017). Furthermore, 70 to 80.9% of children with ASD have co-
morbid disorders, such as mood disturbance, anxiety disorders, attention deficit 
hyperactivity disorder (ADHD), and oppositional defiant disorder (Buck et al. 2014). 
This estimation is similar in adults with ASD, although comorbid symptom severity 
declines with age and anxiety and depression are significantly less prevalent in 
individuals with co-occurring intellectual disability (Buck et al. 2014). In the light of 
the varying degrees of symptom severity, clinicians observe numerous symptom 
compositions across the spectrum, while the presence of one or more co-morbid 
disorders leads to a very heterogeneous clinical outcome of ASD. It is critical to 
characterize the overlap and differences between individuals across the autism 
spectrum carefully and relate these to neurobiological mechanisms such that 
different ASD subtypes (“biotypes”) can be identified (Hong et al. 2017; Wager 
and Woo 2017; Williams 2017). 
Frameworks in ASD research
ASD’s major symptom domains are impairments in social-communicative 
functioning and repetitive and stereotypic behaviours. Therefore, one crucial 
system to explore in ASD research is the ‘social brain system’. Prior brain imaging 
research in typically developing individuals identified the posterior superior 
temporal sulcus, the amygdala, the orbital frontal cortex and the fusiform gyrus 
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(Allison, Puce, and McCarthy 2000) as key brain structures in social perception. 
These regions maintain reciprocal connections in the primate brain and are 
sensitive to social stimuli in monkeys and humans (Brothers 1989, 1996; Brothers 
and Ring 1993; Ku et al. 2011). As social perceptual deficits may form the basis 
for social ASD symptoms, the aforementioned brain regions have all been 
investigated in the context of ASD. Indeed, all three regions – amongst others –
were associated with abnormalities in ASD in task-based neuroimaging results (for 
a review see (Amaral, Schumann, and Nordahl 2008; Dichter 2012)). Such brain level 
abnormalities were investigated during social task paradigms in ASD, such as face 
processing tasks (Aoki, Cortese, and Tansella 2015; Domes et al. 2013), emotion 
recognition tasks (Alaerts et al. 2013; Kliemann et al. 2012) and Theory of Mind 
tasks (Kana et al. 2012; Kana et al. 2015; O’Nions et al. 2014). One region within 
the social brain system was studied intensively in ASD, because it lies at the centre 
of the social brain, i.e. the amygdala. Note that most of the functional fMRI studies 
in the amygdala used a task-based paradigm and therefore I aim to investigate 
intrinsic functional connectivity patterns in ASD throughout this thesis. More 
specifically, because of its crucial role within the social brain system, the first part 
of this thesis aims to explore the intrinsic amygdaloid connections throughout the 
ASD brain and tries to link abnormal brain states of the amygdala and its functional 
connections throughout the brain with social symptom severity. 
In addition to the social symptom domain, another cognitive domain is of 
importance in investigating the neurobiology of ASD: information processing 
(Williams, Minshew, and Goldstein 2015). Like the social brain system, the 
information processing system is not located within a specific brain structure 
and occurs throughout the whole brain on multiple lower-order and higher-order 
levels. Especially the auditory and visual information processing systems have 
been studied in ASD. For instance, individuals with ASD show better luminance 
and simple auditory pattern discrimination abilities on average, which are primary 
visual and auditory functions, while they show poorer performance on higher-
order tasks which require information integration (Bertone et al. 2003; Rivest et al. 
2013). As abnormal information processing was identified in many vital cognitive 
domains in ASD (mostly audition, tactile, vision)(see review (Marco et al. 2011)), 
such information processing abnormalities might not be system specific. As there 
might be a general information processing deficit throughout the brain in ASD, this 
thesis focused on a structure that lies at the heart of the information distribution 
system of the brain, i.e. the thalamus. This structure has gained attention in ASD 
research due to its central role in information processing, but generally has been 
widely neglected until now. Recently, novel cognitive functions were discovered 
for the thalamus and it was implied in higher-order executive functioning as well 
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(Mitchell 2015; Parnaudeau, Bolkan, and Kellendonk 2018). As such, there is an 
urgent need for more research on the thalamus’s involvement in ASD. Therefore, 
the second part of this thesis focused on intrinsic thalamic functional connectivity 
and its link to symptom severity. 
Amygdala theory
The amygdala is an almond shaped structure within the limbic system and is one 
of the most frequently studied and best understood structures of the human 
brain. Previous research pointed out that it is involved in social cognition, emotion 
recognition, emotional valence and regulation of personal space in the context 
of anxiety and fear invoking stimuli in healthy cognition (Phelps and LeDoux, 
2005). For instance, one of the most famous cognitive processes in which the 
amygdala plays a crucial role is the ‘fight or flight’ reaction, i.e. an automatic and 
fast response to an external dreadful stimulus in which one either fights or avoids 
the dread. Thus, its primary cognitive function in humans has been associated 
with dread detection and its consequent autonomic effects (e.g. elevated heart 
rate)(Sah et al. 2003). Amygdala experiments in fMRI research have consistently 
suggested elevated activation in response to fearful facial expressions in humans 
(Méndez-Bértolo et al. 2016). However, in addition to its role in the evaluation of 
the emotional significance of a social stimulus, it has also been argued that the 
amygdala is involved in a wide subcortical-cortical circuit, as “information processing 
system that receives a constant stream of diverse inputs selectively process[ing] those 
inputs that are the most relevant” (Pessoa and Adolphs 2010). The amygdala has 
been forwarded as a key structure in ASD with the emergence of a vast amount 
of neuroimaging studies that implicated abnormalities within the amygdala in 
individuals with ASD. This notion also finds support from a cognitive perspective, 
because of its central function within the social brain network. Thus, it may well 
be argued that such amygdaloid socio-communicative and emotion-regulatory 
processes could potentially form the basis for the social and communication 
impairments within the ASD symptom domain. This, in combination with the vast 
amount of evidence converging on amygdaloid abnormalities in the ASD brain 
(showing increased cell-density in the amygdala, onset of autistic symptoms in 
monkeys and humans following amygdala lesions reduced amygdala volume, and 
lower amygdala activation during the reading-the-mind-in-the-eyes-task), the 
amygdala theory of autism has been formulated, which assigns a crucial role to the 
amygdala in the neurobiology of ASD (Baron-Cohen, Ring et al., 2000). 
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Although the amygdala is connected with many brain regions throughout the whole 
brain, its connections within the so-called social brain network have been well 
described. Within this network, the amygdala maintains strong connections with 
social networks that are anchored around the caudal anterior cingulated cortex 
(cACC), ventromedial prefrontal cortex (vmPFC) and lateral prefrontal cortex 
(lOFC), i.e. the social aversion, social affiliation and social perception network 
respectively. Scientist often refer to the amygdala as the amygdala complex, as it is 
heavily interconnected throughout the whole brain. Animal models have identified 
13 structurally and functionally distinct anatomical amygdaloid nuclei with many 
afferent and efferent connections, that - due to the current fMRI resolution 
constraints - form three major subregions: the laterobasal, centromedial and 
superficial subregion (Amunts et al. 2005; Ball et al. 2007; Roy et al. 2009). For 
the experiments in part one, I formulate a basic functional distinction between 
these three nuclei in terms of input and output functionality, with the superficial 
and laterobasal subregions facilitating socio-perceptual input processing and the 
centromedial subregion maintaining emotion-regulation output functionality. A 
strict distinction between the nuclei in terms of input and output functionality 
is not biologically plausible, because of the strong intra-connections between all 
nuclei within the amygdala. However, this distinction may provide a theoretical 
framework for testing an amygdala centred framework in ASD. Note that an 
amygdala centred framework based on the Amygdala Theory assigns a causal 
role to amygdala dysfunction in the neurobiology of the social symptoms in ASD. 
We can test the plausibility of the amygdala centred framework by disentangling 
amygdala abnormalities in ASD on the subregion level: in case amygdaloid FC 
abnormalities were demonstrably limited to the centromedial output subregion, 
this could mean that amygdaloid dysfunction originates within the amygdala, 
which makes an amygdala centred framework more plausible. It should however be 
noted that an amygdala centred framework is in strong contrast to a vast amount 
of evidence describing multiple complex and even idiosyncratic disconnection 
patterns throughout the autistic brain (Byrge et al. 2015; Hahamy, Behrmann, and 
Malach 2015). Multiple lines of evidence postulate a framework in which several 
idiosyncratic abnormalities may diverge throughout the brain into a diffuse 
cascade of abnormal FC patterns in ASD. Therefore, it is not only challenging to 
provide conclusive evidence for an amygdala centred theory, but is also unlikely.
As previous research of the amygdala in ASD mostly investigated the amygdala as 
a single structure, task-based paradigms, or animal research, understanding of the 
intrinsic functional amygdala connections of the human brain is still lacking. In the 
first part of this thesis, I will explore intrinsic amygdala FC in adolescent humans 
with ASD on the subregion level and amygdaloid deficits may be traced down to 
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more fine-grained neural pathways in humans, facilitating the development of 
targeted biological interventions in ASD. 
Thalamus in ASD
In contrast to the amygdala, the thalamus has not gained much attention in 
neuroimaging research. In most of the previous thalamic ASD literature, seven 
thalamic subdivisions derived from healthy subjects and implemented  by Behrens 
and colleagues were investigated: prefrontal, occipital, temporal, posterior parietal, 
sensory, primary motor and pre-motor (Behrens et al. 2003). Recent resting-state 
fMRI even parcellated the thalamus into 15 functionally separate subregions 
(Kumar et al. 2017). The hypothesis of thalamic involvement in ASD is based on 
its role in sensory information processing, which is affected in ASD. That is:  the 
thalamus is the central relay station of the brain that distributes incoming stimuli 
to the entire brain (Mizuno et al. 2006; Nair et al. 2015; Nair et al. 2013; Woodward 
et al. 2017) and thus functions as an information processing unit for various sensory 
modalities, such as vision, audition, touch, as well as motor processing (Sherman 
2007). Thalamic sensory processing functionality may thus in theory be linked to 
information processing deficits and sensitivity issues, a symptom that has been 
added to the DSM-5 classification criteria for ASD in 2013. Recently, accumulating 
evidence also supports higher order cognitive functionality of the thalamus in 
animal models (Mitchell 2015; Parnaudeau, Bolkan, and Kellendonk 2018). These 
studies revealed that the thalamus is not limited to the relay of sensory and motor 
information alone but regulates information processing from the cerebellum via 
the thalamus to the frontal cortex (Rogers et al. 2011) and is involved in multiple 
higher-order processes such as decision making and learning (Mitchell 2015; 
Parnaudeau, Bolkan, and Kellendonk 2018). Such executive and control functions 
are equally crucial functions that are impaired in ASD. Furthermore, research in 
rats linked the repetitive stereotypic behaviour of the ASD symptom domains to 
impaired connections along thalamic-frontal pathways. Although these recent 
results implicate the thalamus crucially in the neurobiology of ASD, most of the 
theoretical foundation is based on animal models (Ouhaz, Fleming, and Mitchell 
2018). Only a limited number of imaging studies on the thalamus in ASD were 
performed, reporting mainly thalamic abnormalities in ASD in the temporal 
thalamic subregion (Mizuno et al. 2006; Nair et al. 2015; Nair et al. 2013; Woodward 
et al. 2017). Therefore, investigating intrinsic thalamic FC in ASD, may confirm 
recent evidence that extends the thalamic involvement in ASD to impairments of 
higher-order cognitive functions in human individuals with ASD.
Introduction
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Neuroimaging Methods 
This section will outline fundamental technical aspects, which form the basis for 
the methods used in this thesis. The first two sections describe the nature of the 
brain signal that is measured using resting-state functional magnetic resonance 
imaging (fMRI) and how it assesses the synchrony between brain areas with 
functional connectivity analysis, respectively. The third section describes the 
primary signal extraction method, i.e. seed based correlation analysis, which is the 
technical approach that selects and extracts relevant brain signal from the resting-
state fMRI images that are the main data analysed in this thesis.
Resting-State Functional Magnetic Resonance Imaging (resting-
state fMRI)
Neural activity within a brain region alters the metabolic rate and oxygen 
consumption of that area, inducing change in the concentration of 
deoxyhemoglobin and oxyhemoglobin (Bandettini et al. 1992; Kwong et al. 1992; 
Ogawa et al. 1990). Deoxyhemoglobin has paramagnetic and oxyhemoglobin has 
diamagnetic properties, which cause fluctuations in the local magnetic field when 
the hemoglobin changes from deoxygenated to oxygenated state, resulting in 
changes in the measured image intensities. These hemodynamic responses are 
called the Blood Oxygenation Level Dependent (BOLD) response and indirectly 
reflect brain activation levels, which are measured by the neuroimaging technique 
functional magnetic resonance imaging (fMRI). The BOLD response is thus a fairly 
slow and indirect measure of the brain signal with a low temporal resolution of 
around 2 seconds but high spatial resolution. The exact spatial resolution of the 
brain image depends strongly on the size of the volume elements (voxels), i.e. the 
cubic measurement units that usually vary in size between 2-4 mm3. fMRI is often 
used to study the neural activation that has been induced by a controlled stimulus: 
task-based fMRI. A task-based fMRI paradigm is used to identify active brain areas 
during the execution of a task or the observation of a stimulus and thus associates 
brain areas to specific neural functions. 
In this work, I used a different technique: resting-state fMRI, an approach that 
measures the BOLD signal in the absence of a controlled stimulus or task (DeYoe 
et al. 1994). Resting-state fMRI is thought to reflect spontaneous intrinsic brain 
activation that is independent of context. This allows for the characterization 
of functional connectivity instead of task response activation, i.e. measuring 
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temporal correlations between intrinsic spontaneous BOLD fluctuations at 
spatially distant recording sites across the brain. Previous work has shown that 
such functional connectivity patterns closely adhere to the patterns found using 
anatomical connectivity (Honey et al. 2009; Quigley et al. 2003) . Resting-state fMRI 
BOLD signals also correspond closely to task-based fMRI, as the decomposition 
of major brain networks into subnetworks, show close correspondence between 
resting and task-based brain signal (Smith et al. 2009), and is not an artefact 
reflecting underlying physiological noise (Damoiseaux et al. 2006). In other words, 
brain activation occurs continuously throughout the whole brain even at “rest” 
and therefore resting-state fMRI data can be used to investigate the functional 
dynamics of the brain using so called functional connectivity (FC) analysis (Friston 
2009).
Functional connectivity (FC) analysis
The previous section explained that the magnetic changes as induced by the 
change in oxygenation and deoxygenation level in the blood vessels of the brain 
generate  signals that can be captured using the neuroimaging technique fMRI. 
Throughout this thesis, I implemented “non-task” paradigm resting-state fMRI 
in order to investigate the intrinsic functional dynamics of the brain signal. This 
section explains further how functional connectivity analysis can be used to 
measure the functional dynamics of the brain. 
In ASD research, before resting-state fMRI research was carried out, one common 
paradigm in fMRI compared the strength of the task-based fMRI signal within an 
isolated brain region between groups of subjects with ASD and healthy controls. 
Thus, it compares the strength of activation under specific task conditions within 
one brain region in ASD to the strength of activation within that same brain region 
in healthy individuals. Within this approach, numerous abnormalities have been 
traced down to specific brain areas in ASD, such as in the amygdala and from 
which the amygdala theory of autism was born (Baron-Cohen et al. 2000; Park et 
al. 2016). This task-based approach, with its focus on brain activation associates 
specific, segregated brain areas with a cognitive function. The role of the amygdala 
in emotion processing for example, which states that the amygdala is crucial in the 
evaluation of the emotional significance of a stimulus, was discovered using task-
based investigative approaches (Costafreda et al. 2008; Habel et al. 2007; Méndez-
Bértolo et al. 2016). With the emergence of resting-state fMRI, a paradigm shift from 
segregating isolated brain regions towards a focus on integrated brain connectivity 
within neural networks, i.e. measuring the strength of functional connection 
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between brain areas, occurred in the field of neuroimaging (Biswal et al. 1995; 
Friston 2009). Functional connectivity (FC) strength is calculated as the extent to 
which the activation signal fluctuations between brain areas are correlated across 
time. One reason to use FC analysis instead of investigating isolated brain regions 
is that the underlying dynamic brain activation patterns are organized in functional 
networks, i.e. brain nodes that consistently interact with each other to maintain 
and facilitate a certain functional aspect of cognition (Beckmann et al. 2005). 
FC analysis enables us to investigate whether the strength of some functional 
connections in ASD may be compromised and from which one can argue which 
functional networks may be impaired in ASD. A clear benefit of using FC analysis in 
resting-state fMRI as opposed to task-based fMRI is the elimination of task related 
confounds. Involuntary varying degrees of difficulty between tasks can usually not 
be ruled out completely and task performance is furthermore strongly influenced 
by task compliance and attention. Since individuals with ASD have altered levels 
of attention and task compliance, it is beneficial to eliminate these confounding 
factors in ASD research by using resting-state fMRI scans. 
Seed based correlation analysis (SBCA)
The previous section explained that FC strength is calculated by correlating the 
BOLD signal fluctuations (BOLD time series) between brain areas and that such 
FC strength assessment is used to investigate the intrinsic functional dynamic 
activation patterns between brain areas. In this thesis, seed based correlation 
analysis (sbca) was used to calculate FC brain maps, which display a single correlation 
value for each voxel within the boundaries of a predefined subcortical or cortical 
search volume from a predefined subcortical or cortical region of interest (ROI). To 
be more precise, this method correlates the average or ‘eigen’ BOLD time series of 
all voxels within the ROI-the target region- with each voxel of the search volume- 
the seed region. Note that seed and target region terminology is based on FSL’s 
(abbr. FMRIB Software Library, i.e. a toolbox for MRI imaging analysis and statistics 
(Jenkinson et al. 2012; Smith et al. 2004; Woolrich et al. 2009)) nomenclature; 
target and seed regions may be used vice versa in other instances. Typically, a 
significance threshold is determined to identify which voxels within the search 
volume correlate significantly with the ROI. Throughout this thesis, I calculated the 
partial correlations FC brain maps using FSL’s sbca tool to control for confounding 
signals (e.g. involuntary motion, brain signals from cerebrospinal fluid (CSF) and 
white matter) and to regress out activation from other brain areas. For instance, 
when the partial correlations between all three amygdaloid subregions and the 
whole brain where calculated. 
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Search for Biomarkers: Linking Clinical Measures to Altered 
Neural Signals
fMRI Biomarkers reflect the central pathogenic processes on the brain-level in 
ASD. The NIH Biomarkers Definitions Working Group identified four main clinical 
applications of biomarkers: 1) determination of the presence or absence of a 
disease (i.e., diagnosis), 2) staging of a disease, 3) determination of risk prognosis, 
or 4) prediction and monitoring of clinical response to an intervention (Group 
et al. 2001). I aimed to identify ASD biomarkers for the first clinical application 
throughout this thesis. One common criteria that validates a neural signal as this 
type of biomarker is its ability to detect neural variations that can be attributed 
to clinical variables (Castellanos et al. 2013). That is, it can predict the absence or 
existence of ASD based on a certain neural pattern, e.g. the abnormal functional 
connectivity strength pattern between the amygdala and another brain region in 
ASD. Neural biomarkers that were derived based on such categorical case-control 
models have, however, limited success in generating replicable biomarkers in ASD 
research so far. One reason may be explained by the fact that diagnostic labels 
do not reflect the underlying heterogeneity in regards to different symptom 
manifestations and their associated neural asymmetries between individuals with 
ASD (Jeste and Geschwind 2014; Lenroot and Yeung 2013; Marquand et al. 2016). 
A solution to this problem is using dimensional approaches, which partially overlap 
with the second type of biomarker application (for ‘disease stages’) as defined 
by NIH Biomarkers Definitions Working Group. In this type, neural fluctuations 
account for the various symptom compositions and degrees of symptom severity 
between individuals. Most mental disorders manifest through various degrees of 
symptom severity on the behavioural level (Coghill and Sonuga-Barke 2012), which 
might be reflected in similar degrees of neural variation. Dimensional models 
apply symptom scales instead of categorical measures and thus soften the hard 
categorical boundaries between case and controls, which allows for a more precise 
reflection of presumable neural variations with different symptom manifestations 
within the autistic spectrum. While I did not apply dimensional approaches to 
identify neural ASD markers (I used categorical variables to locate regions with 
abnormal neural alterations in ASD throughout this thesis), I extracted the 
signal from the ASD markers and applied correlation analysis using dimensional 
behavioural scales to stratify the overall ASD marker into subtypes. That is, I 
identified to which of the major ASD symptom domains the neural alterations 
might be attributed. Such stratification of ASD symptom domains provides a fine-
grained biomarker for detailed clinical interpretation. It might also better account 
for underlying between-subject neural variations across the autism spectrum 
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than categorical markers alone. The identification of such fine-grained clinical 
biomarkers may ultimately facilitate the development of individualized treatments 
and medications in ASD.
Aims and Thesis outline
In this thesis, I will investigate amygdala involvement with state-of-the-art 
neuroimaging techniques. The results are discussed within the first part of this 
thesis. The ultimate aim of the first part is to explore various presumably abnormal 
amygdala-cortical connections in ASD in order to identify which of the amygdaloid 
pathways shows alterations in ASD. In the second chapter, I investigated 
amygdaloid FC using an exploratory approach for identifying which of the three 
anatomically defined amygdaloid subregions shows alterations in any of the brain 
regions in adolescents with ASD. After the identification of altered neural signals 
within the amygdala in ASD, I aim to answer the question if these abnormalities 
can indeed be linked to the social deficits in ASD. In the third chapter of the thesis, 
I investigated amygdaloid FC in the same sample of adolescents using functionally 
defined amygdaloid subregions, which were based on the amygdala FC parcels 
resulting from the amygdaloid FC with three specific anchors within the social brain 
network: the caudal anterior cingulated cortex (cACC), ventromedial prefrontal 
cortex (vmPFC) and lateral orbitofrontal cortex (lOFC). 
The second part of this thesis focusses on the thalamic involvement in adolescents 
with ASD, based on its central role in sensory and higher-order information 
processing. Our thalamus research started, like the amygdala experiments, with 
an exploratory approach: the fourth chapter of this thesis delineates functional 
connectivity of the four major anatomically defined thalamic subregions with the 
entire extent of their associated cortical regions, to identify abnormal thalamic-
cortical pathways in adolescents with ASD. I furthermore associate the neural 
ASD markers with any of the ADI and AQ symptom domains. Chapter 5 extended 
the results of chapter four analysing data from two multi-cohort datasets: it aims 
to reproduce and generalize the thalamic hyperconnectivity patterns along the 
prefrontal thalamic-vmPFC pathway in ASD as derived from chapter 4. The fifth 
chapter furthermore aims to reproduce the demonstrated relationship with the 
repetitive and stereotypic symptom (RRB) subdomain in a broad ASD sample. I 
performed this analysis in order to test if our thalamic FC strength ASD marker 
is specific to adolescent boys with ASD or may be generalizable across a wide 
range of subjects, while additional mechanistic implications might emerge by 
unravelling its relationship with RRB symptom severity. I will then summarize and 
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discuss the outcomes of chapter 2, 3, 4 and 5 and formulate a framework that 
emerges from my results. This framework aims to  conceptualize and relate the 
reported amygdaloid-frontal and thalamofrontal neural abnormalities in ASD with 
each other. In light of the results, I will also discuss the role of presumably altered 
functional specialization in the neurobiology of ASD.
Introduction
25
1
References
Alaerts, Kaat, Daniel G Woolley, Jean Steyaert, Adriana Di Martino, Stephan P Swinnen, and 
Nicole Wenderoth. 2013. ‘Underconnectivity of the superior temporal sulcus predicts 
emotion recognition deficits in autism’, Social cognitive and affective neuroscience, 9: 
1589-600.
Allison, Truett, Aina Puce, and Gregory McCarthy. 2000. ‘Social perception from visual cues: 
role of the STS region’, Trends in cognitive sciences, 4: 267-78.
Amaral, David G, Cynthia Mills Schumann, and Christine Wu Nordahl. 2008. ‘Neuroanatomy 
of autism’, Trends in neurosciences, 31: 137-45.
American Psychiatric Association. 2000. Diagnostic and statistical manual of mental disorders: 
DSM-IV-TR® (American Psychiatric Publisher).
———. 2013. Diagnostic and statistical manual of mental disorders (DSM-5®) (American 
Psychiatric Pub).
Amunts, Katrin, O Kedo, M Kindler, P Pieperhoff, H Mohlberg, NJ Shah, U Habel, F Schneider, 
and K Zilles. 2005. ‘Cytoarchitectonic mapping of the human amygdala, hippocampal 
region and entorhinal cortex: intersubject variability and probability maps’, Anatomy 
and embryology, 210: 343-52.
Aoki, Yuta, Samuele Cortese, and Michele Tansella. 2015. ‘Neural bases of atypical emotional 
face processing in autism: a meta-analysis of fMRI studies’, The World Journal of 
Biological Psychiatry, 16: 291-300.
Ball, Tonio, Benjamin Rahm, Simon B Eickhoff, Andreas Schulze-Bonhage, Oliver Speck, 
and Isabella Mutschler. 2007. ‘Response properties of human amygdala subregions: 
evidence based on functional MRI combined with probabilistic anatomical maps’, PLoS 
One, 2: e307.
Bandettini, Peter A, Eric C Wong, R Scott Hinks, Ronald S Tikofsky, and James S Hyde. 1992. 
‘Time course EPI of human brain function during task activation’, Magnetic resonance in 
medicine, 25: 390-97.
Baron-Cohen, Simon, Howard A Ring, Edward T Bullmore, Sally Wheelwright, Chris Ashwin, 
and SCR Williams. 2000. ‘The amygdala theory of autism’, Neuroscience & Biobehavioral 
Reviews, 24: 355-64.
Baron-Cohen, Simon, Sally Wheelwright, Richard Skinner, Joanne Martin, and Emma 
Clubley. 2001. ‘The autism-spectrum quotient (AQ): Evidence from asperger syndrome/
high-functioning autism, malesand females, scientists and mathematicians’, Journal of 
autism and developmental disorders, 31: 5-17.
Beckmann, Christian F, Marilena DeLuca, Joseph T Devlin, and Stephen M Smith. 2005. 
‘Investigations into resting-state connectivity using independent component analysis’, 
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 360: 
1001-13.
Chapter 1
26
Behrens, Timothy EJ, H Johansen-Berg, MW Woolrich, SM Smith, CAM Wheeler-Kingshott, 
PA Boulby, GJ Barker, EL Sillery, K Sheehan, and O Ciccarelli. 2003. ‘Non-invasive 
mapping of connections between human thalamus and cortex using diffusion imaging’, 
Nature neuroscience, 6: 750.
Bertone, Armando, Laurent Mottron, Patricia Jelenic, and Jocelyn Faubert. 2003. ‘Motion 
Perception in Autism: A “Complex” Issue’, Journal of Cognitive Neuroscience, 15: 218-25.
Biswal, Bharat, F Zerrin Yetkin, Victor M Haughton, and James S Hyde. 1995. ‘Functional 
connectivity in the motor cortex of resting human brain using echo-planar MRI’, 
Magnetic resonance in medicine, 34: 537-41.
Bourgeron, Thomas. 2015. ‘From the genetic architecture to synaptic plasticity in autism 
spectrum disorder’, Nature Reviews Neuroscience, 16: 551.
Brothers, Leslie. 1989. ‘A biological perspective on empathy’, American Journal of Psychiatry, 
146: 10-19.
———. 1996. ‘Brain mechanisms of social cognition’, Journal of Psychopharmacology, 10: 
2-8.
Brothers, Leslie, and Brian Ring. 1993. ‘Mesial temporal neurons in the macaque monkey 
with responses selective for aspects of social stimuli’, Behavioural brain research, 57: 
53-61.
Buck, Tara R, Joseph Viskochil, Megan Farley, Hilary Coon, William M McMahon, Jubel 
Morgan, and Deborah A Bilder. 2014. ‘Psychiatric comorbidity and medication use in 
adults with autism spectrum disorder’, Journal of autism and developmental disorders, 
44: 3063-71.
Byrge, Lisa, Julien Dubois, J Michael Tyszka, Ralph Adolphs, and Daniel P Kennedy. 2015. 
‘Idiosyncratic brain activation patterns are associated with poor social comprehension 
in autism’, Journal of Neuroscience, 35: 5837-50.
Castellanos, F Xavier, Adriana Di Martino, R Cameron Craddock, Ashesh D Mehta, and Michael 
P Milham. 2013. ‘Clinical applications of the functional connectome’, Neuroimage, 80: 
527-40.
Coghill, David, and Edmund JS Sonuga-Barke. 2012. ‘Annual research review: categories 
versus dimensions in the classification and conceptualisation of child and adolescent 
mental disorders–implications of recent empirical study’, Journal of Child psychology 
and Psychiatry, 53: 469-89.
Constantino, John N, and Christian P Gruber. 2012. Social responsiveness scale (SRS) (Western 
Psychological Services Torrance, CA).
Costafreda, Sergi G, Michael J Brammer, Anthony S David, and Cynthia HY Fu. 2008. 
‘Predictors of amygdala activation during the processing of emotional stimuli: a meta-
analysis of 385 PET and fMRI studies’, Brain research reviews, 58: 57-70.
Damoiseaux, JS, SARB Rombouts, F Barkhof, P Scheltens, CJ Stam, Stephen M Smith, 
and CF Beckmann. 2006. ‘Consistent resting-state networks across healthy subjects’, 
Proceedings of the National Academy of Sciences, 103: 13848-53.
Introduction
27
1
DeYoe, Edgar A, Peter Bandettini, Jay Neitz, David Miller, and Paula Winans. 1994. ‘Functional 
magnetic resonance imaging (FMRI) of the human brain’, Journal of neuroscience 
methods, 54: 171-87.
Dichter, Gabriel S. 2012. ‘Functional magnetic resonance imaging of autism spectrum 
disorders’, Dialogues in clinical neuroscience, 14: 319.
Domes, Gregor, Markus Heinrichs, Ekkehardt Kumbier, Annette Grossmann, Karlheinz 
Hauenstein, and Sabine C Herpertz. 2013. ‘Effects of intranasal oxytocin on the neural 
basis of face processing in autism spectrum disorder’, Biological psychiatry, 74: 164-71.
Folstein, Susan, and Michael Rutter. 1977a. ‘Genetic influences and infantile autism’, Nature, 
265: 726.
———. 1977b. ‘Infantile autism: a genetic study of 21 twin pairs’, Journal of Child psychology 
and Psychiatry, 18: 297-321.
Friston, Karl J. 2009. ‘Modalities, modes, and models in functional neuroimaging’, Science, 
326: 399-403.
Gotham, Katherine, Andrew Pickles, and Catherine Lord. 2009. ‘Standardizing ADOS 
scores for a measure of severity in autism spectrum disorders’, Journal of autism and 
developmental disorders, 39: 693-705.
Group, Biomarkers Definitions Working, Arthur J Atkinson Jr, Wayne A Colburn, Victor G 
DeGruttola, David L DeMets, Gregory J Downing, Daniel F Hoth, John A Oates, Carl C 
Peck, and Robert T Schooley. 2001. ‘Biomarkers and surrogate endpoints: preferred 
definitions and conceptual framework’, Clinical Pharmacology & Therapeutics, 69: 89-95.
Habel, Ute, Christian Windischberger, Birgit Derntl, Simon Robinson, Ilse Kryspin-Exner, 
Ruben C Gur, and Ewald Moser. 2007. ‘Amygdala activation and facial expressions: 
explicit emotion discrimination versus implicit emotion processing’, Neuropsychologia, 
45: 2369-77.
Hahamy, Avital, Marlene Behrmann, and Rafael Malach. 2015. ‘The idiosyncratic brain: 
distortion of spontaneous connectivity patterns in autism spectrum disorder’, Nature 
neuroscience, 18: 302.
Honey, CJ, O Sporns, Leila Cammoun, Xavier Gigandet, Jean-Philippe Thiran, Reto Meuli, and 
Patric Hagmann. 2009. ‘Predicting human resting-state functional connectivity from 
structural connectivity’, Proceedings of the National Academy of Sciences, 106: 2035-40.
Hong, Seok-Jun, Sofie L Valk, Adriana Di Martino, Michael P Milham, and Boris C Bernhardt. 
2017. ‘Multidimensional Neuroanatomical Subtyping of Autism Spectrum Disorder’, 
Cerebral Cortex: 1-11.
Howlin, Patricia, and Iliana Magiati. 2017. ‘Autism spectrum disorder: Outcomes in 
adulthood’, Current Opinion in Psychiatry, 30: 69-76.
Jenkinson, Mark, Christian F Beckmann, Timothy EJ Behrens, Mark W Woolrich, and Stephen 
M Smith. 2012. ‘Fsl’, Neuroimage, 62: 782-90.
Jeste, Shafali S, and Daniel H Geschwind. 2014. ‘Disentangling the heterogeneity of autism 
spectrum disorder through genetic findings’, Nature Reviews Neurology, 10: 74.
Chapter 1
28
Kana, Rajesh K, Lauren E Libero, Christi P Hu, Hrishikesh D Deshpande, and Jeffrey S 
Colburn. 2012. ‘Functional brain networks and white matter underlying theory-of-mind 
in autism’, Social cognitive and affective neuroscience, 9: 98-105.
Kana, Rajesh K, Jose O Maximo, Diane L Williams, Timothy A Keller, Sarah E Schipul, Vladimir 
L Cherkassky, Nancy J Minshew, and Marcel Adam Just. 2015. ‘Aberrant functioning of 
the theory-of-mind network in children and adolescents with autism’, Molecular autism, 
6: 59.
Kanner, Leo. 1943. ‘Autistic disturbances of affective contact’, Nervous child, 2: 217-50.
Kliemann, Dorit, Isabel Dziobek, Alexander Hatri, Jürgen Baudewig, and Hauke R Heekeren. 
2012. ‘The role of the amygdala in atypical gaze on emotional faces in autism spectrum 
disorders’, Journal of Neuroscience, 32: 9469-76.
Ku, Shih-Pi, Andreas S Tolias, Nikos K Logothetis, and Jozien Goense. 2011. ‘fMRI of the face-
processing network in the ventral temporal lobe of awake and anesthetized macaques’, 
Neuron, 70: 352-62.
Kumar, Vinod Jangir, Erik van Oort, Klaus Scheffler, Christian F Beckmann, and Wolfgang 
Grodd. 2017. ‘Functional anatomy of the human thalamus at rest’, Neuroimage, 147: 
678-91.
Kwong, Kenneth K, John W Belliveau, David A Chesler, Inna E Goldberg, Robert M Weisskoff, 
Brigitte P Poncelet, David N Kennedy, Bernice E Hoppel, Mark S Cohen, and Robert 
Turner. 1992. ‘Dynamic magnetic resonance imaging of human brain activity during 
primary sensory stimulation’, Proceedings of the National Academy of Sciences, 89: 5675-
79.
Lenroot, Rhoshel Krystyna, and Pui Ka Yeung. 2013. ‘Heterogeneity within autism spectrum 
disorders: what have we learned from neuroimaging studies?’, Frontiers in human 
neuroscience, 7: 733.
Lord, Catherine, Michael Rutter, and Ann Le Couteur. 1994. ‘Autism Diagnostic Interview-
Revised: a revised version of a diagnostic interview for caregivers of individuals with 
possible pervasive developmental disorders’, Journal of autism and developmental 
disorders, 24: 659-85.
Loth, Eva, Tony Charman, Luke Mason, Julian Tillmann, Emily JH Jones, Caroline Wooldridge, 
Jumana Ahmad, Bonnie Auyeung, Claudia Brogna, and Sara Ambrosino. 2017. ‘The 
EU-AIMS Longitudinal European Autism Project (LEAP): design and methodologies to 
identify and validate stratification biomarkers for autism spectrum disorders’, Molecular 
autism, 8: 24.
Marco, Elysa J, Leighton BN Hinkley, Susanna S Hill, and Srikantan S Nagarajan. 2011. 
‘Sensory processing in autism: a review of neurophysiologic findings’, Pediatr Res, 69: 
48R-54R.
Marquand, Andre F, Iead Rezek, Jan Buitelaar, and Christian F Beckmann. 2016. 
‘Understanding heterogeneity in clinical cohorts using normative models: beyond case-
control studies’, Biological psychiatry, 80: 552-61.
Introduction
29
1
Méndez-Bértolo, Constantino, Stephan Moratti, Rafael Toledano, Fernando Lopez-Sosa, 
Roberto Martínez-Alvarez, Yee H Mah, Patrik Vuilleumier, Antonio Gil-Nagel, and Bryan 
A Strange. 2016. ‘A fast pathway for fear in human amygdala’, Nature neuroscience, 19: 
1041.
Mitchell, Anna S. 2015. ‘The mediodorsal thalamus as a higher order thalamic relay nucleus 
important for learning and decision-making’, Neuroscience & Biobehavioral Reviews, 54: 
76-88.
Mizuno, Akiko, Michele E Villalobos, Molly M Davies, Branelle C Dahl, and Ralph-Axel Müller. 
2006. ‘Partially enhanced thalamocortical functional connectivity in autism’, Brain 
research, 1104: 160-74.
Nair, Aarti, Ruth A Carper, Angela E Abbott, Colleen P Chen, Seraphina Solders, Sarah Nakutin, 
Michael C Datko, Inna Fishman, and Ralph-Axel Müller. 2015. ‘Regional specificity of 
aberrant thalamocortical connectivity in autism’, Human brain mapping, 36: 4497-511.
Nair, Aarti, Jeffrey M Treiber, Dinesh K Shukla, Patricia Shih, and Ralph-Axel Müller. 
2013. ‘Impaired thalamocortical connectivity in autism spectrum disorder: a study of 
functional and anatomical connectivity’, Brain, 136: 1942-55.
O’Nions, Elizabeth, Catherine L Sebastian, Eamon McCrory, Kaylita Chantiluke, Francesca 
Happe, and Essi Viding. 2014. ‘Neural bases of Theory of Mind in children with autism 
spectrum disorders and children with conduct problems and callous-unemotional 
traits’, Developmental science, 17: 786-96.
Ogawa, Seiji, Tso-Ming Lee, Alan R Kay, and David W Tank. 1990. ‘Brain magnetic resonance 
imaging with contrast dependent on blood oxygenation’, Proceedings of the National 
Academy of Sciences, 87: 9868-72.
Ouhaz, Zakaria, Hugo Fleming, and Anna S Mitchell. 2018. ‘Cognitive functions and 
neurodevelopmental disorders involving the prefrontal cortex and mediodorsal 
thalamus’, Frontiers in Neuroscience, 12: 33.
Park, Hye Ran, Jae Meen Lee, Hyo Eun Moon, Dong Soo Lee, Bung-Nyun Kim, Jinhyun Kim, 
Dong Gyu Kim, and Sun Ha Paek. 2016. ‘A short review on the current understanding of 
autism spectrum disorders’, Experimental neurobiology, 25: 1-13.
Parnaudeau, Sébastien, Scott S Bolkan, and Christoph Kellendonk. 2018. ‘The mediodorsal 
thalamus: An essential partner of the prefrontal cortex for cognition’, Biological 
psychiatry, 83: 648-56.
Pessoa, Luiz, and Ralph Adolphs. 2010. ‘Emotion processing and the amygdala: from a’low 
road’to’many roads’ of evaluating biological significance’, Nature Reviews Neuroscience, 
11: 773.
Quigley, Michelle, Dietmar Cordes, Pat Turski, Chad Moritz, Victor Haughton, Raj Seth, and 
M Elizabeth Meyerand. 2003. ‘Role of the corpus callosum in functional connectivity’, 
American journal of neuroradiology, 24: 208-12.
Chapter 1
30
Rivest, Jessica B, Boutheina Jemel, Armando Bertone, Michelle McKerral, and Laurent 
Mottron. 2013. ‘Luminance-and texture-defined information processing in school-aged 
children with autism’, PLoS One, 8: e78978.
Roy, Amy Krain, Zarrar Shehzad, Daniel S Margulies, AM Clare Kelly, Lucina Q Uddin, Kristin 
Gotimer, Bharat B Biswal, F Xavier Castellanos, and Michael P Milham. 2009. ‘Functional 
connectivity of the human amygdala using resting state fMRI’, Neuroimage, 45: 614-26.
Sah, Pankaj, ES Lopez Faber, Mikel Lopez de Armentia, and John Power. 2003. ‘The 
amygdaloid complex: anatomy and physiology’, Physiological reviews, 83: 803-34.
Sherman, S. M. 2007. ‘The thalamus is more than just a relay’, Curr Opin Neurobiol, 17: 417-
22.
Smith, Stephen M, Peter T Fox, Karla L Miller, David C Glahn, P Mickle Fox, Clare E Mackay, 
Nicola Filippini, Kate E Watkins, Roberto Toro, and Angela R Laird. 2009. ‘Correspondence 
of the brain’s functional architecture during activation and rest’, Proceedings of the 
National Academy of Sciences, 106: 13040-45.
Smith, Stephen M, Mark Jenkinson, Mark W Woolrich, Christian F Beckmann, Timothy EJ 
Behrens, Heidi Johansen-Berg, Peter R Bannister, Marilena De Luca, Ivana Drobnjak, 
and David E Flitney. 2004. ‘Advances in functional and structural MR image analysis and 
implementation as FSL’, Neuroimage, 23: S208-S19.
Wager, Tor D, and Choong-Wan Woo. 2017. ‘Imaging biomarkers and biotypes for depression’, 
Nature medicine, 23: 16.
Williams, Diane L, Nancy J Minshew, and Gerald Goldstein. 2015. ‘Further understanding of 
complex information processing in verbal adolescents and adults with autism spectrum 
disorders’, Autism, 19: 859-67.
Williams, Leanne M. 2017. ‘Defining biotypes for depression and anxiety based on large‐
scale circuit dysfunction: a theoretical review of the evidence and future directions for 
clinical translation’, Depression and anxiety, 34: 9-24.
Woodward, Neil D, Monica Giraldo-Chica, Baxter Rogers, and Carissa J Cascio. 2017. 
‘Thalamocortical dysconnectivity in autism spectrum disorder: An analysis of the 
autism brain imaging data exchange’, Biological Psychiatry: Cognitive Neuroscience and 
Neuroimaging, 2: 76-84.
Woolrich, Mark W, Saad Jbabdi, Brian Patenaude, Michael Chappell, Salima Makni, Timothy 
Behrens, Christian Beckmann, Mark Jenkinson, and Stephen M Smith. 2009. ‘Bayesian 
analysis of neuroimaging data in FSL’, Neuroimage, 45: S173-S86.
Zablotsky, Benjamin, Lindsey I Black, Matthew J Maenner, Laura A Schieve, and Stephen J 
Blumberg. 2015. ‘Estimated prevalence of autism and other developmental disabilities 
following questionnaire changes in the 2014 National Health Interview Survey’.
Introduction
31
1

PART ONE
Intrinsic Functional Connectivity of 
 the Social Brain Network in ASD
2
CHAPTER 2.
Altered functional connectivity of the amygdaloid input 
nuclei in adolescents and young adults with autism 
spectrum disorder: a resting state fMRI study
Published as:
Rausch, A., Zhang, W., Haak, K. V., Mennes, M., Hermans, E. J., van Oort, E., 
van Wingen, G., Beckmann, C.F., Buitelaar, J.K. & Groen, W. B. (2016). Altered 
functional connectivity of the amygdaloid input nuclei in adolescents and young 
adults with autism spectrum disorder: a resting state fMRI study.  
Molecular autism, 7(1), 13.
2
Chapter 2
36
Abstract
Background: 
Amygdala dysfunction is hypothesized to underlie the social deficits observed 
in autism spectrum disorders (ASD). However, the neurobiological basis of this 
hypothesis is underspecified, because it is unknown whether ASD relates to 
abnormalities of the amygdaloid input or output nuclei. Here, we investigated 
the functional connectivity of the amygdaloid social-perceptual input nuclei and 
emotion-regulation output nuclei in ASD versus controls. 
Methods: 
We collected resting-state functional magnetic imaging (fMRI) data, tailored to 
provide optimal sensitivity in the amygdala as well as neocortex, in 20 adolescents 
and young adults with ASD and 25 matched controls. We performed a regular 
correlation analysis between the entire amygdala (EA) and the whole brain, and 
used a partial correlation analysis to investigate whole-brain functional connectivity 
uniquely related to each of the amygdaloid nuclei. 
Results: 
Between-group comparison of regular EA correlations showed significantly 
reduced connectivity in visuospatial and superior parietal areas in ASD compared 
to controls. Partial correlation analysis revealed that this effect was driven by the 
left superficial and right laterobasal input nuclei, but not the centromedial output 
nuclei.
Conclusions:
These results indicate reduced connectivity of specifically the amygdaloid sensory-
input channels in ASD, suggesting that abnormal amygdalo-cortical connectivity 
can be traced down to the socio-perceptual pathways. 
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Abbreviations
ABCL/18-59: Adult Behaviour Check List/age 18-59 ; ADI-R: Autism Diagnostic 
Interview-Revised; ADHD: attention deficit/hyperactivity disorder; ANOVA: analysis 
of variance; ASD: autism spectrum disorder; AQ: autism spectrum quotient; BBR: 
boundary-based-registration; BET: Brain Extraction Tool; BOLD: blood-oxygen-
level dependent; B0: symbol for the constant magnetic field; CBCL/6-18: Child 
Behaviour Check List/age 6-18; CM: centromedial amygdaloid subcompartment; 
CSF: cerebrospinal fluid; DSM-4: Diagnostic and Statistical Manual of Mental 
Disorders (4th edition); DTI: diffusion tensor imaging; EA: entire amygdala; EPF: 
enhanced perceptual functioning; EPI: echo-planar imaging; FD: frame-wise 
displacement; FC: functional connectivity; fMRI: functional magnetic resonance 
imaging; FMRIB: (Oxford centre for) functional magnetic resonance imaging of the 
brain; FNIRT: FMRIB’s nonlinear image registration tool; FOV: field of view, spatial 
encoding area of the image; FSL: FMRIB Software Library; FUGUE: FMRIB’s Utility 
for Geometrically Unwarping EPIs; FWHM: full width at half maximum; HRF: heart 
rate fluctuation; HRV: heart rate variability; ICA: independent component analysis; 
IQ: intelligence quotient; LB: laterobasal amygdaloid subcompartment; MCFLIRT: 
FMRIB’s Linear registration and motion correction tool; MELODIC: Multivariate 
Exploratory Linear Optimized Decomposition into Independent Components; 
MNI: Montreal Neurological Institute; MPRAGE: magnetization-prepared rapid 
acquisition with gradient echo; MRI: magnetic resonance imaging; RETROICOR: 
retrospective image correction; ROI: region of interest; RVT: respiration volume 
per time; SBCA: seed based correlation analysis; SF: superficial amygdaloid 
subcompartment; SPSS 20: Statistical Package for the Social Sciences (20th edition); 
TE: echo time; TI: inversion time; TR: repetition time; T1-weighted: an image whose 
contrast and brightness are predominately determined by T1 signals (T1: time 
constant at which spins realign themselves with the external magnetic field after 
excitation); T2*: T-two-star, time constant for the loss of phase coherence among 
spins oriented at an angle to the static magnetic field; PRELUDE: Phase Region 
Expanding Labeller for Unwrapping Discrete Estimates; WAIS III: Wechsler Adult 
Intelligence Scale (3rd edition); WISC III: Wechsler Intelligence Scale for Children 
(3rd edition); 
Chapter 2
38
Introduction
Autism Spectrum Disorders (ASD) are a group of neurodevelopmental disorders 
characterized by severe impairments of reciprocal social interaction and verbal 
and nonverbal communication and by repetitive and stereotyped behaviours 
(American Psychiatric Association 2000, 2013). Structural and functional 
neuroimaging studies have linked a number of brain structures to ASD symptoms 
(Verhoeven et al. 2010; Just et al. 2007; Anagnostou and Taylor 2011; Amaral, 
Schumann, and Nordahl 2008), one of which is the amygdala. The amygdala theory 
of autism describes this structure as potential key component in the pathogenesis 
of ASD (Ashwin et al. 2006; Baron-Cohen et al. 2000), since it is involved in various 
aspects of the social brain, such as social cognition, emotion recognition, socio-
communicative perception and the regulation of emotional responses (Phelps 
and LeDoux 2005). In line with this, individuals with ASD tend to show abnormal 
volume enlargements of the amygdala (Bellani et al. 2013; Groen et al. 2010) 
and have overactive amygdalae in response to mildly aversive stimuli (Green et 
al. 2013) and faces (Tottenham et al. 2014), while symptom severity in ASD has 
been found to correlate with amygdala size (Bellani et al. 2013; Nacewicz et al. 
2006; Schumann et al. 2009). Although amygdala impairments likely relate to 
pathophysiological socio-emotional processes, its subregion specific amygdalo-
cortical abnormalities have not been stratified in ASD. The aim of this study is to 
advance our understanding of the pathway specific amygdala involvement and 
discern sensory input and response output channels separately.
With last decade’s paradigm shift in neuroimaging from activity assessment within 
brain structures to connectivity within neural networks, increasing evidence 
supports the notion of atypical large-scale neural connectivity in ASD. Some 
authors hypothesized that the brain in ASD is characterized by long distance 
underconnectivity and local overconnectivity (Courchesne and Pierce 2005). 
Indeed, a number of studies reported large scale underconnectivity with decreased 
structural, functional and interhemispheric connectivity (Anderson et al. 2010; 
Just et al. 2007; Travers et al. 2012), and a few functional fMRI studies found local 
overconnectivity patterns (Di Martino et al. 2013; Khan et al. 2013; Maximo et 
al. 2013; Paakki et al. 2010; Shukla, Keehn, and Müller 2010). To date, large scale 
functional connectivity abnormalities in the autistic brain have been described 
most conclusively with respect to hyper- or hyposensitivity to perceptual stimuli 
(Mottron et al. 2006), which may in part occur due to a lack of sensory integration 
in ASD (Just et al. 2007). Abnormal sensory processing has primarily been found in 
the auditory (Samson et al. 2006; Groen et al. 2009; Foxton et al. 2003) and visual 
system (Pellicano et al. 2005; Braddick, Atkinson, and Wattam-Bell 2003; Bertone et 
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al. 2005). Because social functioning requires the selection and integration of many 
socio-perceptual stimuli simultaneously, perceptual processing abnormalities may 
in part account for some of the social difficulties in ASD.
Previous fMRI studies on the role of the amygdala in ASD have generally treated 
it as a single structure, while in fact it is comprised of at least 13 functionally and 
structurally distinct nuclei, in which three major input and output units can be 
discerned (Amunts et al. 2005; Ball et al. 2007; Roy et al. 2009): the centromedial 
(CM), laterobasal (LB) and superficial (SF) nuclei. Prior work in animals identified 
the centromedial part as an output area, which regulates cardiovascular control 
via projections to brainstem, cerebellum and hypothalamus (Pitkänen, Savander, 
and LeDoux 1997). More specifically, the CM subregion generates ascending 
projections via the forebrain throughout the cortex and descending projections 
via the hypothalamus to the brainstem (Pessoa 2010). Via these complex pathways, 
the CM subregion is thought to modulate autonomic, somatic and endocrine 
responses to facilitate appropriate behavioural outcome (Moreno and González 
2007). A recent study in humans mapped projections from the cortical “social 
avoidance network”, a network that is situated around the anterior cingulated 
cortex, onto a functionally defined amygdaloid subdivision that corresponds to 
the CM subcompartment (Bickart et al. 2012). This subdivision may therefore 
be associated with emotion regulation and response preparation in humans as 
well (Bzdok et al. 2013). The CM subcompartment receives and integrates most 
of its projections from the LB nuclei, which maintains broad axonal connections 
to sensory areas. The LB has been linked to multisensory input and emotional 
learning (LeDoux 2003; Phelps and LeDoux 2005; Bzdok et al. 2013), especially 
emotional memory (Bzdok et al. 2013). The SF subregion primarily maintains axonal 
projections to olfactory cortex (Heimer and Van Hoesen 2006; Price 2003; Bzdok 
et al. 2013), and it was found to be more sensitive to emotional face recognition 
than LB and CM (Goossens et al. 2009), as well as to maintain the most behavioural 
correlates of the three amygdaloid subregions (Bzdok et al. 2013). The LB and SF 
comprise structurally and functionally clearly differentiable properties: while the 
LB mainly receives multisensory environmental input, the SF is thought to receive 
socially relevant information (Pessoa and Adolphs 2010). Yet, they are often 
mentioned together as the olfactory/multimodal pallial section of the amygdala 
as both structures generally process incoming stimuli (Ball et al. 2007), so as to 
facilitate social-perceptual processing (Adolphs 2001).
Our study specifically aimed to investigate global networks in ASD. Since we 
consider amygdalo-cortical connectivity long range connectivity, our hypotheses 
were aimed at underconnectivity. Given the prominent role of the amygdala in 
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the social brain and previous findings of long range underconnectivity in sensory 
areas in ASD, we hypothesized to find reduced functional amygdala-cortical 
connectivity in ASD, especially among the projections from sensory cortex to the 
amygdala. We applied dual-echo imaging and a stringent correction for heart rate 
and respiratory signals to ensure optimal sensitivity in both the amygdala and 
neocortical structures.
Methods
Participants
Twenty-one adolescents with autistic disorder and 25 typically developing controls 
were enrolled in the study. We only included participants with an intelligence 
quotient (full-scale IQ) of 80 or higher and excluded those with ASD who had co-
morbid psychiatric or neurological conditions including but not limited to attention 
deficit/hyperactivity disorder (ADHD), depressive disorder, schizophrenia, epilepsy 
or history of traumatic brain injury. We ruled out the presence of psychiatric co-
morbidity in controls and verified that all participants scored within the normal 
range using the school-age version of Child Behaviour Check List (CBCL/6-18) and 
Adult Behaviour Check List (ABCL/18-59). Controls were matched at the group level 
on age, sex, and handedness and verbal, performance and full-scale IQ scores (Table 
1). Participants with ASD were recruited through Karakter, Child and Adolescent 
Psychiatry University Center, Nijmegen. Diagnoses of autistic disorder were based 
on a series of clinical assessments including a detailed developmental history, 
clinical observation, medical work-up and cognitive testing in a multidisciplinary 
team including a child psychiatrist and clinical psychologist. Diagnoses of autistic 
disorder were confirmed with the Autism Diagnostic Interview - Revised (ADI-R) 
(Lord, Rutter, and Le Couteur 1994), assessed by a trained clinician who met research 
standards. All participants with ASD met DSM-4 criteria for autistic disorder 
(American Psychiatric Association 2000). Participants under age of 18 completed 
the Wechsler Intelligence Scale for Children III (WISC-III) (Kort et al. 2005), while 
participants above age of 18 completed the Wechsler Adult Intelligence Scale III 
(WAIS-III) (Wechsler 2000). All participants also completed the short version of 
Edinburgh Handedness Inventory (Oldfield 1971). The two groups did not differ in 
handedness (p = 0.17). In addition, all participants and their parents completed the 
Autism Spectrum Quotient (AQ) about themselves or their child respectively. The 
AQ is a validated measure of autism spectrum characteristics found within both 
the typical population and individuals with a diagnosis of ASD and thus provides a 
reliable measurement tool for the comparison of autistic traits between our ASD 
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and control sample (Baron-Cohen et al. 2001; Woodbury-Smith et al. 2005). None 
of the participants used medication.
Table 1. Subject Demographics. 
  ASD Control  
males N=19 (95%) N=22 (88%)  
females N=1 (5%) N=3 (12%)
  Mean SD Mean SD p-value
Total IQ 102.30 13.57 103.72 9.78 0.69
Verbal IQ 101.00 13.37 104.60 11.29 0.35
Performal IQ 105.88 15.81 103.00 15.39 0.56
Age 16.23 3.18 16.11 2.79 0.90
Autism Questionnaire (AQ)          
Participants 21.83 6.13 11.88 3.91 < 0.001*
Parents about participant 30.34 7.57 11.74 5.69 < 0.001*
Autism Diagnostic Interview (ADI-R)          
ADI-R A (10) 18.25 6.50      
ADI-R B (8) 15.70 5.54      
ADI-R C (3) 4.05 2.31      
ADI-R D (1) 2.65 1.35      
p-value = p - values indicate results for the independent t-test statistic. ADI-R (A) social interaction, (B) 
communication and language, (C) restricted and repetitive behaviour (D) age of onset criterium; ADI-R 
thresholds are shown in parentheses. Pearson chi-squared for group by gender was non-significant 
(value = 0.672, df = 1, 2-sided asymptotic p = 0.412).
* statistically significant.
The study (including the informed consent procedure and all information brochures) 
was approved by both the regional ethics committee (Commissie Mensgebonden 
Onderzoek Arnhem Nijmegen) and Karakter’s review board. All participants 
provided verbal and written informed consent. For underage participants, parents/
guardians also provided verbal and written informed consent. The signed consent 
forms are kept at Karakter, Child and Adolescent Psychiatry Centre Nijmegen, The 
Netherlands. To ensure an adequate consent procedure, (1) potential participants 
were provided with simple language brochures (parents/guardians were provided 
with regular brochures), (2) the study was not advertised with financial or other 
incentives other than travel reimbursement (after the scanning procedure, all 
participants did receive 20 euro for participating irrespective of completion), (3) 
participants were reminded at each phase of the study that they were free to 
withdraw from participating, (4) only participants with a total IQ of 80 or higher 
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could participate, (5) all participants practiced once with the scanning procedure in 
a replicate (dummy) scanner so that they could experience the scanning procedure 
and make an informed decision on whether or not to participate. 
  
Image Data Acquisition
For each participant, we acquired MRI data at the Donders Institute for Brain, 
Cognition and Behaviour, Centre for Cognitive Neuroimaging in Nijmegen, The 
Netherlands, using a 3 Tesla Magnetom Trio (Siemens, Erlangen, Germany) with a 
32-channel head coil. The entire scanning session lasted approximately 45 minutes. 
For each participant, we collected a T1-weighted whole-brain scan (magnetization-
prepared rapid acquisition with gradient echo [MPRAGE], TI = 1100 ms, TR = 2300 
ms, TE = 3.03 ms, flip angle = 8°, FOV = 256 x 256 x 192 mm3, voxel size = 1 x 1 x 1 
mm3) and a resting-state scan using T2*-weighted dual-echo planar imaging (EPI, 
TR = 2510 ms, TE1 = 16 ms, TE2 = 36 ms, flip angle = 83°, FOV = 212 x 212 x 119 mm3, 
voxel size = 2 x 2 x 2.5 mm3, number of volumes = 400, imaging bandwidth = 1814 
Hz/px, grappa acceleration factor = 4). Note that the usage of dual-echo imaging 
provides optimal sensitivity for BOLD imaging in both subcortical structures such 
as the amygdala and the neocortex (Poser et al. 2006). For the 16 minute resting-
state scan, participants were instructed to lie still within the scanner with their 
eyes open, while staying awake and focusing on a small white cross presented at 
the centre of a projection screen. The first 5 volumes (12.55 s) were discarded 
to reduce magnetization equilibration effects. Gradient echo field mapping data 
were also acquired with identical geometry to the EPI data for EPI off-resonance 
distortion correction (TR = 1020 ms, TE1 = 10 ms, TE2 = 12.46 ms, flip angle = 
90°, FOV = 224 x 224 x 191 mm3, voxel size = 3.5 x 3.5 x 2 mm3). All participants 
were able to familiarize themselves with scanner set-up and scanning procedure 
through rehearsal in a replicate (dummy) scanner before actual image acquisition. 
The scanning session further also included a DTI scan (not reported here).
We recorded participants’ heartbeats using the scanner’s built-in 
photoplethysmograph, placed on the right index finger. Respiration was measured 
with a pneumatic belt positioned at the level of the abdomen. In order to reduce 
the potential bias that the heartbeat and respiration have in resting-state BOLD 
correlation studies (Chang et al. 2013; Birn et al. 2008), we used cardiac and 
respiratory phase regressors, as well as other nuisance regressors in the fMRI time 
series analysis. 
Preprocessing
All image preprocessing and analyses were performed using FSL (FMRIB Software 
Library, http://fmrib.ox.ac.uk/fsl) (Smith et al. 2004). The following pre-statistical 
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processes were applied to the fMRI data: non-brain removal using BET; rigid-body 
motion correction using MCFLIRT; high-pass temporal filtering (Gaussian-weighted 
least-squares fitting with frequency cutoff point = 100 seconds); correction of off-
resonance geometric distortions in the EPI data using PRELUDE and FUGUE, using 
B0 field maps derived from the dual-echo gradient echo dataset; artifact removal 
based on probabilistic ICA (Independent Component Analysis) using MELODIC; 
spatial normalization to Montreal Neurological Institute (MNI152) 2 mm isotropic 
atlas space using BBR (Boundary-Based-Registration) and FNIRT and Gaussian 
filtering (FWHM = 6 mm; see Statistical analysis). The dual-echo images (TE = 16 and 
TE = 36) were combined by averaging both echo-times. We excluded one participant 
with ASD due to excessive head movement in terms of frame-wise displacement 
(Max. FD = 8.7mm, Mfd = 0.89mm), resulting in 20 datasets from the ASD group 
and 25 datasets from the control group for further analysis (see supplementary 
material 1 for relative frame-wise displacement). To rule out the possibility that 
differences in movement between the ASD and control group could contribute 
to the results, we calculated the mean value of frame-wise movement (i.e. the 
movement of one TR relative to previous TR) for each participant and compared it 
between the two groups. No group difference was found (Masd = 0.10, SDasd = 0.10; 
Mctrl = 0.07, SDctrl = 0.42; t(25) = 1.73, p = 0.1).
Controlling for structured noise
Our preprocessing stream included several steps to limit the influence of structured 
noise, such as motion artifacts (Power et al. 2012), heartbeat (Chang et al. 2013), 
and respiration (Birn et al. 2008). First, we conducted manual ICA-based artifact 
removal. The first author visually inspected all the independent component maps 
for each participant to identify noise components based on the spatial layout of 
the component maps and the power spectra of the associated time series (Kelly 
Jr et al. 2010). We applied non-aggressive denoising with FSL’s fsl_regfilt, i.e. only 
variance that was uniquely related to the components labeled as noise component 
(approx. 70 percent) was removed.
After ICA-based noise removal and further preprocessing, we conducted nuisance 
regression modeling the potential effect from motion and physiological noise 
on the resting-state fMRI data. Specifically, we included 6 rigid-body parameters 
and the eigenvariate of signals over the entire white matter and the CSF in our 
GLM. Moreover, we calculated 10 cardiac phase regressors, 10 respiratory phase 
regressors and 6 other nuisance regressors including HRF (heart rate fluctuation), 
HRV (heart rate variability), respiration raw data averaged per TR, respiratory 
amplitude in 9s window, respiratory frequency in 9s window and RVT (frequency 
times amplitude of respiration, averaged per TR) that are derived from RETROICOR 
method (Glover, Li, and Ress 2000). 
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Region of Interest Selection
Stereotaxic, probabilistic maps of the cytoarchitectonic Juelich histological atlas 
distributed along with FSL were created for the laterobasal (LB) (Left: 1032 
mm3, Right: 928 mm3), centromedial (CM) (Left: 16 mm3, Right: 40 mm3) and 
superfi cial (SF) (Left: 400 mm3, Right: 160 mm3) nuclei (Figure 1A). The CM part 
includes the central and medial subdivision. The LB compartment comprises the 
lateral, basolateral, basomedial, and paralaminar nuclei. The SF subcompartment 
incorporates the anterior amygdaloid area, the amygdalopyriform transition area, 
the amygdaloid-hippocampal area and the ventral and posterior cortical nuclei. 
Only voxels with a greater than 70 percent probability to represent the respective 
subregion were included in the analysis to reduce overlap between subregions. 
The entire amygdala ROI was constructed by combining the three amygdaloid 
subregions into a single structure. 
Figure 1. Anatomically defi ned amygdala regions of interest and its dominant full 
correlation patterns throughout the cortex. 
Panel A) shows the Juelich cytoarchitectonic histological probability masks of the amygdaloid 
subregions. Red areas depict the laterobasal subregions, green areas the superfi cial subregions and 
blue areas the centromedial subregions. Areas in light red, light green and dark blue indicate the 50 
percent probability mask of each subdivision. Areas in dark red, dark green and light blue depict the 
>70 percent subregion probability masks that were used for the seed based analysis. B) Dominant 
functional correlations of the left and right amygdala subregions in controls using statistical mean 
testing. A threshold free cluster enhancement statistic tested the following contrasts: SF > LB + CM, 
LB > CM + SF and CM > LB + SF; (p < 0.05, FWE corrected). Green areas indicate dominant superfi cial 
connectivity networks, red areas depict dominant laterobasal networks and blue areas indicate 
dominant centromedial networks.
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Statistical analysis
First level analyses were carried out using FSL’s SBCA (seed based correlation 
analysis) (O’Reilly et al. 2010) to calculate the partial correlation between the 
average time series of the voxels in one ROI (i.e. one of the three amygdala 
subregions) and the time series of every voxel of the whole brain, corrected for the 
average time series of the other two amygdala seeds. This tool incorporates the 
option to add data with different smoothing kernels for the seed and target areas. 
For the amygdala-cortical correlation analysis we entered spatially unfiltered data 
for the small amygdaloid areas and FWHM=6mm Gaussian filtered functional 
images for the whole brain. Thus, one single-subject partial correlation map of the 
brain for each subregion (left and right CM, LB and SF) was obtained, yielding each 
subregion’s unique connectivity with the rest of the brain. In addition to the partial 
correlation analyses, we also performed a regular correlation analysis of the EA 
(left and right) with every voxel in the brain to serve as a reference for the partial 
correlation results, increasing the interpretability of the partial correlation results. 
To test for between-group differences, we performed a non-parametric test 
with Randomise (Nichols and Holmes 2002). As this analysis does not require the 
data to be normally distributed, an r to z transform is not necessary. Thus, 5000 
random permutations of a threshold free cluster enhancement statistic (TFCE) 
(Smith and Nichols 2009) against the null hypothesis were conducted for each 
ROI separately. The p-values were extracted with FSL’s cluster command, where 
cluster peaks and local maxima with p < 0.05 were acquired from the threshold 
free cluster enhancement FWE corrected 1-p statistical images of the Randomise 
output. The permutation method strongly controls for the family-wise error (FWE) 
rate when a large amount of voxels is tested. Six contrasts (positive main effects in 
ASD; positive main effects in controls, negative main effects in ASD; negative main 
effects in controls; ASD > controls; controls > ASD) were tested with an unpaired 
samples t-test. The same approach was used for entire amygdala analysis. 
The demographic data (IQ, age and AQ) of both experimental groups were 
compared using ANOVA in SPSS 20 (Corp. 2011) (Table 1). 
Results
Entire amygdala connectivity 
To obtain a reference analysis for the subregion specific amygdala approach and 
to compare our results with previous literature, we first mapped the intrinsic 
connectivity of the entire amygdala (Figure 2A). Only significant clusters surviving 
family wise error correction with alpha < 0.05 are reported (supplementary 
material 3).
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Figure 2. Intrinsic positive connectivity networks of the entire amygdala and its 
individual subregions in controls and patients. 
A) Significant results (p < 0.05 FWE corrected) of entire amygdalo-cortical full correlation analyses are 
delineated for the ASD group (EA Patients) and controls (EA Controls). Yellow and red areas depict 
results from the left and right amygdala seeds respectively, with orange regions illustrating its overlap. 
Positive main effects (p < 0.05 FWE corrected) of the subregion specific correlation analyses are 
shown in the same color code for the B) superficial amygdala in patients (SF Patients) and controls (SF 
Controls), C) the laterobasal amygdala in patients (LB Patients) and controls (LB Controls) and D) the 
centromedial amygdala in patients (CM Patients) and controls (CM Controls).
Figure 2A presents the positive entire amygdala correlations in the ASD and 
control sample. This reveals a number of symmetric left and right frontal, occipital, 
temporal and sensorimotor networks including the cingulate gyrus, which is 
consistent with the amygdala’s role in socio-emotive circuits (Phillips et al. 2003). 
Left amygdala correlations yielded one large cluster with its peak in the left anterior 
parahippocampal gyrus (-28,-8,-36; p <0.001). Local maxima extended dorsally into 
the left precentral gyrus, superior parietal lobe and both sides of postcentral 
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gyrus and ventrally into ipsilateral superior temporal gyrus, planum temporale 
and temporal pole. Right amygdala correlations were found in the anterior and 
posterior cingulate gyrus (0,-2,44; p = 0.012), including supplementary motor 
cortex and clusters in right temporal fusiform cortex (32,-6,-36; p <0.001), middle 
temporal gyrus, central opercular cortex, supramarginal gyrus, parietal operculum 
cortex, a cluster in left superior temporal gyrus (-62,-8,-4; p = 0.002), and a number 
of smaller clusters in left inferior temporal gyrus (-46,-58,-16; p = 0.036). 
The results of the ASD group are comparable with the control group’s results with 
symmetric left and right frontal, occipital, temporal and sensorimotor networks 
underlying emotion regulation circuits (see EA Patients in Figure 2A). The left 
amygdala revealed a large cluster in left temporal pole (-26,4,-46; p < 0.001) with 
local maxima in bilateral pre and postcentral gyrus. The right amygdala yielded a 
large cluster in the right temporal pole (28,6,-42; p < 0.001) including local maxima 
in temporal areas, the brainstem and the right hippocampus. 
Negative correlations were largely absent in our sample. This is probably a 
consequence of (1) the participants’ age, because during adolescence negative 
(inhibitory) mechanisms are not yet as exuberant as after puberty’s transition 
phase (Durston et al. 2002; Paus 2005; Williams et al. 1999), and (2) no global 
signal regression was performed, which could have introduced spurious negative 
correlations (Murphy et al. 2009; Cole, Smith, and Beckmann 2010) in previous 
work that did subtract the global mean signal.
Subregion specific connectivity
Next, to investigate the individual contributions of the nuclei group specific seeds, 
we mapped the intrinsic whole brain connectivity of each ROI (Figure 2B-D). As 
before, only significant clusters surviving family wise error correction with alpha < 
0.05 are reported (Supplementary material 4-7).
Superficial amygdala connectivity 
Left SF connectivity in controls (SF Controls, yellow) showed extensive unique 
bilateral positive correlations throughout frontal (right frontal medial cortex 
(4,44,-20; p = 0.029), left frontal pole (-2,62,-6; p = 0.031), temporal (left 
parahippocampal gyrus (-14,-6,-26; p < 0.001), occipital and parietal lobe and 
limbic areas including anterior and posterior cingulate gyrus, parahippocampal 
gyrus, hippocampus, amygdala, thalamus, putamen as well as in brainstem and 
cerebellum (Supplementary material 4 and 7). The right SF showed connectivity to 
smaller, more selective sensory and limbic areas. In ASD (Figure 2B, SF Patients), SF 
connectivity yielded a similar pattern, except for a larger cluster in the frontal lobe 
area, with sparse overall occipital lobe connectivity. 
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Note that while partial correlation analysis reported for the SF yielded a relatively 
small frontal lobe cluster in our healthy subjects, a supplementary full correlation 
analysis revealed a large frontal lobe involvement, indicating that the overlapping 
signal between SF and CM/LB time series leads to partialling out some of the SF-
frontal connectivity (Figure 1B). Thus, the results indicate that (1) SF functional 
connectivity in our adolescent sample is consistent with known limbic-striatal-
frontal reward related and auditory-parietal-visual valence evaluating circuits 
(Koelsch et al. 2013) and (2) the SF subregion maintains unique whole brain 
connectivity. 
Laterobasal amygdala connectivity
The laterobasal subregion exhibited mainly unique connectivity with temporal 
regions and regions along the lateral superior cortical axis. Although left and 
right LB connectivity maps overlapped in parietal operculum cortex, frontal 
orbital cortex and temporal pole, strong lateralization effects were also observed 
(Figure 2C, LB Controls). Left LB connectivity peaks were bilaterally present in the 
parahippocampal gyrus (left (-26,-8,-34; p < 0.001); right (32,-28,-30; p = 0.047)), 
precentral gyrus (left (-44,-14,56; p = 0.014)); right (42,-14,52; p = 0.017)) and 
lateral occipital cortex (left (-20,-80,42; p = 0.020); right (30,-84,28; p = 0.021)) 
(Supplementary material 5). Except from one large cluster of connectivity in right 
temporal fusiform cortex (32,-6,-36; p < .001), right LB showed many localized 
clusters of connectivity, such as in the right supplementary motor area (2,-8,62; 
p = 0.033), right frontal orbital cortex (44,28,-18; p = 0.048) and bilateral anterior 
cingulate gyrus (left (6,-12,44; p = 0.031); right (0,-2,44; p = 0.033)). In the ASD group, 
similar patterns of connectivity were observed (Figure 2C, LB Patients). Thus, the 
LB connectivity maps are in line with its putative involvement in emotional learning 
through its connection with the (para)hippocampal area, and its involvement 
in multisensory processing via its projections to the sensory systems along the 
superior temporal gyrus, sensorimotor areas and visual areas, in combination with 
cingulate-frontal connectivity (Sah et al. 2003). 
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Centromedial amygdala connectivity
In the control group, only a small cluster in right occipital fusiform gyrus (28,-64,-10; 
p = 0.040) from the right centromedial subregion showed a negative correlation, 
while positive unique functional connectivity did not reach the significance 
threshold for the left or right CM in the control group using partial correlation 
analysis (Figure 2C, CM Controls). We therefore performed an additional, regular 
correlation analysis for the CM to test whether some of its unique signal was 
‘partialled out’ due to a functional overlap between CM and LB/SF nuclei (Figure 
1B). As expected, and in line with previous reports (Bickart et al. 2012), positive 
correlations in anterior cingulate cortex were significantly higher for the CM nucleus 
compared to SF and LB in healthy controls. This suggests that the partial correlation 
approach had corrected for the strong overlap with times series from LB and SF to 
such an extent that the CM’s unique contribution did not reach the FWE corrected 
threshold (Supplementary material 2). The relative lack of unique CM correlations 
in controls may well reflect the lower degree of functional specialization of the 
amygdaloid nuclei in adolescents (Qin et al. 2012). In the ASD group, however, left 
CM demonstrated unique partial correlations with bilateral primary sensorimotor 
areas (postcentral gyrus (left: -36,-22,40; p = 0.004), precentral gyrus (right: 40,-
14,60; p = 0.007)), and left insular cortex in the partial correlation analysis, while 
right CM correlations with the striatum (including bilateral thalamus, left putamen 
(-24,0,-10; p = 0.046) and right pallidum) and right hemispheric speech processing 
areas (including central and frontal opercular cortex, supramarginal gyrus and 
Heschl’s gyrus) were present (Figure 2C, CM Patients; Supplementary material 6). 
Difference between ASD and Controls
Entire amygdala connectivity
In line with our hypothesis, we found significantly smaller left amygdala 
correlations with the left hemispheric occipital pole (-24,-90,34; p = 0.026), 
supracalcarine cortex and intracalcarine cortex, left (-26,-60,58; p = 0.040) and 
right lateral occipital cortex (28,-58,64; p = 0.049) in ASD compared to controls. 
Furthermore, correlations between left amygdala and cuneal cortex were reduced 
in both hemispheres in ASD. The right amygdala showed significantly reduced 
correlations with the right superior parietal lobe (14,-54,62; p = 0.023) in ASD 
(Figure 3A; Supplementary material 8). 
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Figure 3. Areas of reduced functional connectivity in ASD. A) Significant (p < 0.05; FWE 
corrected) reduced connectivity with the entire amygdala (EA) ROI. 
Yellow areas show between-group differences in connectivity with left amygdala seeds, while red areas 
show connectivity with right amygdala seeds. B) Conventions are depicted as in panel A) but with yellow 
regions illustrating the left superficial ROI and red indicating the right laterobasal subcompartment. 
The results from the partial correlation analysis revealed that the between-group difference in EA was 
driven by the left SF and right LB. Bilateral CM, right SF and left LB did not yield significant between-
group differences.
Subregion specific connectivity
To test our hypothesis of reduced amygdala connectivity along sensory input 
channels in ASD, we directly compared the SF, LB and CM connectivity between-
groups (Figure 3B; Supplementary material 8). In line with our hypothesis, the ASD 
group showed reduced left SF connectivity with bilateral precuneus cortex (left: 
16,-58,8; p = 0.003), cuneal cortex, intracalcarine cortex, lateral occipital cortex 
(right: 44,-60,12; p = 0.023) and supracalcarine cortex in the right hemisphere, 
the occipital pole, the superior parietal lobe (28,-54,62; p = 0.004), and the pre 
and postcentral, and angular gyri (44,-16,64; p = 0.047) when compared with 
controls. Furthermore, functional connectivity between the right LB and right 
superior parietal lobe (14, -54, 62; p = 0.023) were reduced in ASD. There were no 
significant between-group differences in the CM correlation maps. Statistical tests 
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in both directions (ASD > controls; controls > ASD) were included in our analysis, 
but yielded non-significant results for ASD overconnectivity patterns. When the 
analysis was repeated including age as covariate, the group effects were very 
similar to the previous between-group results and no age-by-group interactions 
were found. Age showed a negative main effect with connectivity strength in left 
SF, indicating that connectivity strength decreases during development in the 
temporal pole and lateral occipital cortex (Supplementary material 9).
Relation between reduced connectivity strength and AQ scores
To investigate whether the nucleus-specific group differences in functional 
connectivity can be related to specific behavioural/symptomatic characteristics, 
we quantified the relationship between the participants’ scores within each 
group on each AQ subdomain and the (z-transformed) correlation between the 
mean fMRI time-series from the right LB and left SF nuclei and the cortical regions 
that exhibited a significant group difference in functional connectivity. For either 
group, however, none of the specific AQ sub-domains were significantly related to 
the nucleus-specific functional connectivity strengths. This absence of significance 
was also observed for the relationship between total AQ score and nucleus-specific 
connectivity strength. 
Subregion signal-to-noise ratios
In theory, the differences in size in the amygdaloid nuclei seed regions might have 
induced different tSNR (time-series’ signal-to-noise ratios) levels between seed 
regions. To rule out this possibility, we tested whether tSNR varied significantly 
across seed regions using subject-wise tSNR’s from the preprocessed functional 
images before ICA denoising (Supplementary material 10). A three-way ANOVA 
(factors: subregion, diagnostic group and hemisphere) demonstrated that tSNR’s 
differed between hemispheres (F = 8.724, df = 1, p = 0.003) and diagnostic groups 
(F = 3.770, df = 1, p = 0.53), but not between subregions (F = 0.348, df = 2, p = 0.707). 
Furthermore, there were no significant interaction effects between subregions, 
diagnostic groups and hemispheres, indicating that differences in subregion tSNR 
were not affected by diagnostic status or lateralization effects (Table 2). Therefore, 
the absence of CM main effects in the control group as well as its negative findings 
in the between-group analysis are not likely caused by different tSNR levels of the 
CM subregion.
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Discussion
In the present study, we investigated amygdalo-cortical connectivity in adolescents 
and young adults with ASD and controls during resting-state fMRI. We found 
reduced cortical connectivity of both amygdaloid input subregions (SF and LB) 
with the prefrontal, parietal, and occipital cortices in participants with ASD, while 
CM output connectivity was spared.
The positive correlation maps from both the entire amygdala and the three 
subregions in our control group of healthy adolescents revealed large overall 
overlap with the spontaneous activation maps previously reported in healthy 
adults (Roy et al. 2009). The present results indicate that most of the entire 
amygdala connectivity main effects can be disentangled into subunit functionality 
in adolescents and young adults with and without ASD, while some of the global 
effects (e.g. frontal lobe activation) could not be traced down to one particular 
subunit. As positive partial CM correlations did not reach FWE corrected 
significance in the control group, one interpretation of these findings could entail 
a lower degree of functional specialization in healthy adolescents. While this may 
reflect the not yet fully differentiated amygdala in adolescence, the conservative 
partial correlation approach may also have contributed to the negative finding, 
because normal CM-anterior cingulated gyrus connections were found with the 
full correlation approach. The absence of significant partial correlations for the 
CM compartment in the controls is most likely due to commonalities (i.e., shared 
variance) between the CM signals and those from the other subregions, leading 
them to be partialled out. Indeed, a direct comparison revealed no significant 
differences between patients and controls. Positive laterobasal-cortical 
correlations in prefrontal, parietal and temporal cortex further confirmed previous 
findings that connect the LB with associative learning processes across sensory 
modalities (Roy et al. 2009; Schoenbaum, Chiba, and Gallagher 2000), while SF-
cortical correlations were in line with known limbic lobe connectivity (Roy et al. 
2009).
Importantly, we found reduced EA connectivity in the ASD group when compared 
to controls. In line with our hypothesis of amygdala underconnectivity in ASD, 
we found reduced left EA connectivity with portions of the occipital pole, cuneal 
cortex, intra- and supracalcarine cortex and lateral occipital cortex in the ASD 
group. Partial correlation analysis revealed that these differences were largely 
driven by the left SF subregion, with reduced left SF connectivity in the precuneus, 
cuneus, angular gyrus, precentral and postcentral gyrus and superior parietal 
cortex. The ASD group also exhibited reduced right entire amygdala connectivity 
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with the right superior parietal lobe. Partial correlation analysis revealed that this 
difference was mainly driven by the right LB. 
Prior research showed that functional specialization of amygdaloid subregions 
continues throughout adolescence (Gabard-Durnam et al. 2014; Qin et al. 2012) 
and that volumetric abnormalities in ASD are age specific (Bellani et al. 2013; 
Groen et al. 2010). The possibility that our between-group effects were driven by 
developmental differences was however not supported by our data. There were 
no group-by-age interactions for EA and subregion specific connectivity and our 
reported between-group effects were similar to the between-group effects with 
age as covariate. The negative main effects of age showed no overlap with the 
abnormalities found for the left SF in our ASD group. Thus, while the age effect in 
the left superficial area might reflect the developmental changes of the amygdaloid 
subcompartments throughout adolescence as reported by Gabard-Durnam and 
colleagues (2014) and Qin et al. (2012) the amygdala-cortical abnormalities in ASD 
are not significantly age dependent, at least within the age range examined in the 
present study.
Although our amygdalo-cortical analysis was not specifically designed for 
investigating local overconnectivity, increased activation patterns in ASD were also 
tested and yielded non-significant results. Investigating the local overconnectivity 
account remains challenging in fMRI research (Vissers, X Cohen, and Geurts 2012) 
and only few studies particularly investigated local overconnectivity in fMRI 
resting-state (Di Martino et al. 2013; Maximo et al. 2013; Paakki et al. 2010; Shukla, 
Keehn, and Müller 2010) and generated inconsistent results. 
Previous task-based fMRI studies have reported some support for pathway specific 
deficits of the parietal visuospatial domain in ASD (Bertone et al. 2003; Braddick, 
Atkinson, and Wattam-Bell 2003; Pellicano et al. 2005), and its connections to 
the amygdala (Bonda et al. 1996). Since reduced functional amygdalo-cortical 
connectivity in our ASD sample was mainly present in the dorso-dorsal and ventro-
dorsal pathway, our results suggest that abnormal amygdaloid connectivity in ASD 
is pathway specific. That is, the fact that we only found abnormal connectivity with 
the left SF and the right LB, i.e. the amygdaloid input areas, but not with the CM 
output areas, supports the notion that social-emotional deficits in ASD may be 
reflected in reduced connectivity along amygdalo-sensory input pathways. Thus, 
a deficiency specific to the amygdalo-cortical input pathway may account for the 
social perceptual deficits in ASD.
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Our results also showed lateralized subregion specific amygdaloid connectivity, 
which contradicts a previous finding of bilateral homogenous amygdala connectivity 
(Roy et al. 2009). However, a number of studies associated the left amygdala with 
slower explicit emotion appraisal processes, while the right amygdala is more 
involved with faster implicit threat detection (Gläscher and Adolphs 2003). Another 
hemispheric lateralization account distinguishes the left hemispheric abstract-
category subsystem and the right hemispheric whole-based subsystem: the left 
subsystem uses a parts-based processing strategy to represent smaller features of 
larger whole objects, while the right hemispheric whole-based subsystem serves 
visual discrimination of similar objects (see (McMenamin and Marsolek 2013)). 
As the amygdalo-cortical deficits in our ASD sample accumulated along the left 
SF and right LB sensory input pathways, while other amygdalo-cortical pathways 
were spared, the results might indicate that the cortical processing of visual 
object features may be affected in ASD. That is, deficits in left SF may account for 
abnormal parts-based perceptual processes along the ventro-dorsal and dorso-
dorsal perceptual pathway, while abnormal functional connectivity in right LB 
might for instance reflect whole-object face processing difficulties in ASD caused 
by abnormal amygdalo-cortical connectivity with the right superior parietal lobe. 
Within groups, we did not observe a significant relationship between the nucleus-
specific reductions in functional connectivity strength and the participants’ AQ 
scores. Given the observed differences in nucleus-specific functional connectivity 
strength across groups, and the fact that ASD status and AQ score are clearly 
related (see Table 1), it is likely that the absence statistical significance for these 
within-group comparisons is related to insufficient statistical power. Future work 
based on larger sample sizes may therefore be able to tease apart the effects of 
nucleus-specific reductions in functional connectivity on behaviour.
Our investigative approach draws on Roy and colleagues’ paper that describes 
resting-state analysis of probabilistic cytoarchitectonically defined amygdala 
nuclei (Roy et al. 2009). In our study, however, partial correlation analysis was 
used instead of regression analysis with statistical mean testing to compute the 
unique contributions of each of the three amygdaloid subdivisions, and we studied 
adolescent brains rather than healthy adult brains. As such small differences 
between the two studies may be expected. For instance, in our study, the CM 
subcompartment showed connectivity with the striatal circuitry in the ASD group, 
while positive partial correlations did not reach FWE corrected significance in the 
control group. Because we did find normal positive correlations in a full correlation 
analysis for the CM (Figure 1B), we interpret the lack of partial CM-whole brain 
correlations in controls as a reflection of the lower degree of functional specialization 
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of the amygdaloid nuclei in the adolescent brain (Qin et al. 2012). Further support 
for the notion of functional overlap between our three subcompartments was 
found during supplementary analysis of colinearity (Supplementary material 2). A 
putative faster maturation of the CM region in ASD as compared to controls was 
not supported by the data; we directly tested for increased connectivity patterns 
in ASD compared to controls but found no difference. Overall, we regard our 
method as valid approach for detecting true functional connectivity differences 
between healthy and clinical populations (Smith et al. 2011), since (1) the entire 
amygdala results showed strong overlap with the subregion specific outcomes 
from the partial correlation analysis (Supplementary material 11), (2) the current 
results clearly demonstrate the expected functional connectivity with known 
amygdala circuits, and (3) sensitivity to between-group effects increases with 
partial correlation analysis (Figure 3, Supplementary material 8). 
Conclusion
To conclude, the current findings provide further evidence for underconnectivity 
in socio-emotive circuits in adolescents and young adults with ASD. As we found 
abnormal connectivity in the amygdala’s input areas but not in the output areas, 
the findings support the notion that deficient/impaired amygdaloid sensory input 
mechanisms may underlie ASD. This might indicate that therapeutic interventions 
should target sensory input channels. 
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Supplementary material
Supplementary material 1. Relative frame-wise displacement. 
ASD Control
Participant FD (mm) Participant FD (mm)
1 0.35 1 0.06
2 0.03 2 0.03
3 0.21 3 0.04
4 0.11 4 0.08
5 0.13 5 0.06
6 0.06 6 0.08
7 0.11 7 0.05
8 0.06 8 0.05
9 0.06 9 0.06
10 0.37 10 0.06
11 0.05 11 0.06
12 0.04 12 0.07
13 0.06 13 0.05
14 0.06 14 0.03
15 0.06 15 0.07
16 0.06 16 0.08
17 0.06 17 0.04
18 0.05 18 0.11
19 0.10 19 0.06
20 0.06 20 0.25
    21 0.03
    22 0.06
    23 0.04
    24 0.06
    25 0.06
Supplementary material 1 shows the frame-wise displacement (FD), i.e. a measure of movement 
between fMRI scans. There was no significant group difference and none of the participants showed 
exceeding in-plane voxel-size (2mm) movement.
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Supplementary material 2. Functional overlap between the superficial, laterobasal 
and centromedial subregions in control subjects.
  Left Right
Nuclei r p r p
SF - LB .064 .201 .165** .001
CM - LB -.109* .030 .179** .000
SF - CM .114* .023 .122* .016
All of the right amygdala subcompartments show significant positive correlations with each other. 
Left (SF - CM) superficial and centromedial activations show significant overlap, while left (CM - LB) 
laterobasal amygdala correlates negatively with the left centromedial amygdala. Left (SF – LB) 
superficial and laterobasal connectivity does however not overlap significantly. Method: Cortical target 
mean time series of subregion specific amygdala correlations were extracted using fsl_sbca. Colinearity 
between all subregions was assessed with two-tailed Pearson correlations analysis in SPSS (version 20) 
using alpha of 0.05. Number of volumes = 395; SF – LB = shows Pearson’s correlation coefficient (r) and 
its level of significance (p) between the superficial and laterobasal subcompartment; CM – LB = r and 
p between centromedial and laterobasal subcompartment; SF – CM = r and p between superficial and 
centromedial subcompartment. 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed).
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Supplementary material 3. Intrinsic entire amygdalo-cortical functional connectivity.
EA Left Controls
positive
Cluster Size Structure x y z p-value
43211 Parahippocampal Gyrus (L) -28 -8 -36 0.000
    -22 -8 -34 0.001
  Postcentral Gyrus (L) -30 -36 70 0.001
    -28 -40 68 0.001
  -32 -32 66 0.001
    -38 -26 58 0.001
  -42 -18 48 0.001
  Postcentral Gyrus (R) 42 -32 66 0.001
  40 -26 64 0.001
    38 -32 64 0.001
  Superior Parietal Lobule (L) -38 -46 60 0.001
    -32 -40 52 0.001
  Precentral Gyrus (L) -42 -20 58 0.001
    -24 -28 58 0.001
  Planum Temporale (L) -64 -28 12 0.001
    -54 -22 6 0.001
  -60 -16 4 0.001
  Superior Temporal Gyrus (L) -62 -8 2 0.001
  Temporal Pole (L) -58 4 -16 0.001
    -54 4 -30 0.001
    -44 4 -30 0.001
negative
35 Supramarginal Gyrus (R) 56 -44 50 0.031
EA Right Controls
positive
Cluster Size Structure x y z p-value
12392 Temporal Fusiform Cortex (R) 32 -6 -36 0.000
    26 -6 -44 0.003
  Planum Temporale (R) 62 -8 4 0.002
    62 -22 8 0.003
  62 -16 6 0.003
  Postcentral Gyrus (R) 54 -8 34 0.003
  62 -16 30 0.004
    58 -16 26 0.004
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  Precentral Gyrus (R) 62 -4 32 0.003
    62 -2 24 0.003
  64 4 16 0.003
  Central Opercular Cortex (R) 50 -16 12 0.003
  Superior Temporal Gyrus (R) 68 -22 10 0.003
  Planum Polare (R) 60 2 2 0.003
  Temporal Pole (R) 60 8 -4 0.003
    42 14 -38 0.003
  30 4 -42 0.003
    52 8 -20 0.003
  Middle Temporal Gyrus (R) 56 -10 -16 0.003
    62 -2 -24 0.003
7870 Superior Temporal Gyrus (L) -62 -8 -4 0.002
    -70 -32 6 0.009
  -66 -26 16 0.004
    -60 -42 10 0.006
  Planum Temporale (L) -64 -12 6 0.003
  Temporal Pole (L) -60 6 -2 0.004
  Precentral Gyrus (L) -60 -2 12 0.005
    -42 -14 38 0.007
  -62 8 20 0.009
  Middle Temporal Gyrus (L) -64 -8 -16 0.005
  -68 -26 -2 0.010
  Supramarginal Gyrus (L) -68 -42 18 0.006
  -62 -42 16 0.006
    -52 -28 32 0.009
  Postcentral Gyrus (L) -44 -18 54 0.008
    -40 -20 34 0.008
  -8 -48 64 0.009
    -48 -30 50 0.009
  Parietal Operculum Cortex 
(L) -48 -36 24 0.008
    -54 -30 18 0.009
1159 Cingulate Gyrus (L) 0 -2 44 0.012
    -6 -16 44 0.032
  -2 10 36 0.032
    -10 -16 40 0.049
  Cingulate Gyrus (R) 4 12 38 0.032
    14 -14 36 0.049
  4 -10 42 0.019
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    10 -20 42 0.023
  Juxtapositional Lobule 
Cortex (R) 2 -8 62 0.019
    6 -2 58 0.022
  Juxtapositional Lobule 
Cortex (L) -8 -10 66 0.024
  Precentral Gyrus (R) 4 -18 48 0.019
  Precentral Gyrus (L) -2 -22 52 0.031
410 Amygdala (L) -16 -2 -18 0.006
  -34 -20 -22 0.036
    -16 -2 -28 0.037
  -32 -16 -30 0.037
  Hippocampus (L) -22 -18 -16 0.023
  -22 -14 -24 0.028
  Temporal Fusiform Cortex 
(L) -36 -24 -30 0.036
56 Inferior Temporal Gyrus (L) -46 -58 -16 0.036
9 Parahippocampal Gyrus (L) -28 -10 -36 0.048
negative
12 Angular Gyrus (R) 46 -56 48 0.037
EA Left ASD
positive
Cluster Size Structure x y z p-value
52623 Temporal Pole (L) -26 4 -46 0.000
  Postcentral Gyrus (L) -30 -36 72 0.001
  -26 -40 70 0.001
    -46 -34 56 0.001
  -40 -24 48 0.001
    -36 -34 66 0.001
  Postcentral Gyrus (R) 42 -28 66 0.001
    44 -30 62 0.001
  56 -18 50 0.001
    46 -28 58 0.001
  34 -34 46 0.001
  Precentral Gyrus (L) -40 -22 62 0.001
  -42 -14 56 0.001
    -54 -10 44 0.001
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  Precentral Gyrus (R) 26 -22 62 0.001
    20 -32 56 0.001
  18 -26 54 0.001
    14 -28 48 0.001
    12 -24 46 0.001
negative
27 Middle Frontal Gyrus (R) 40 30 32 0.034
EA Right ASD
positive
Cluster Size Structure x y z p-value
33517 Temporal Pole (R) 28 6 -42 0.000
  Temporal Pole (L) -48 8 -10 0.001
  Central Opercular Cortex (R) 46 -16 12 0.001
  Superior Temporal Gyrus (L) -66 -18 10 0.001
  -58 -2 -12 0.001
    -50 -14 -12 0.001
  -56 2 -14 0.001
  Superior Temporal Gyrus (R) 56 -30 0 0.001
  58 -26 -2 0.001
    68 -26 -2 0.001
  66 -20 -4 0.001
  Planum Temporale (R) 62 -12 2 0.001
  Heschl’s Gyrus (includes H1 
and H2) (R) 48 -8 0 0.001
  Middle Temporal Gyrus (R) 68 -34 0 0.001
  Brain-Stem -8 -26 -4 0.001
  Brain-Stem 8 -26 -8 0.001
  Brain-Stem 6 -30 -10 0.001
  Hippocampus (R) 22 -32 -10 0.001
    22 -28 -12 0.001
Cluster peaks and local maxima indicate positive and negative main effects with cortical areas from 
the (EA Left Controls) left entire amygdala in controls, (EA Right Controls) right entire amygdala in 
controls, (EA Left ASD) left entire amygdala in ASD and (EA Right ASD) right entire amygdala in ASD; (p 
< 0.05, FWE corrected).
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Supplementary material 4. Intrinsic superficial-cortical functional connectivity.
SF Left Controls*
positive
Cluster Size Structure x y z p-value
50762 Parahippocampal Gyrus (L) -14 -6 -26 0.000
    -14 -10 -24 0.001
  Precentral Gyrus (L) -42 -16 56 0.001
    -16 -30 58 0.002
  -38 -18 46 0.002
    -52 -8 40 0.002
  Precentral Gyrus (R) 4 -30 52 0.004
    42 -12 46 0.002
  Postcentral Gyrus (R) 38 -32 64 0.002
    30 -34 62 0.002
  44 -18 56 0.002
    6 -38 58 0.004
  42 -18 48 0.002
  Postcentral Gyrus (L) -24 -30 56 0.002
  -50 -18 40 0.002
    -58 -22 36 0.002
  -60 -16 32 0.002
  Superior Parietal Lobule (L) -34 -46 60 0.002
  -32 -42 58 0.002
  Superior Parietal Lobule (R) 40 -38 56 0.002
9 Frontal Medial Cortex (R) 4 44 -20 0.029
7 Frontal Pole (L) -2 62 -6 0.031
SF Right Controls
positive
Cluster Size Structure x y z p-value
2253 Planum Polare (L) -60 -8 4 0.005
  Central Opercular Cortex (L) -56 -20 12 0.006
  -54 -10 6 0.008
    -40 0 10 0.030
  Superior Temporal Gyrus (L) -62 0 -4 0.007
    -60 -6 -8 0.007
  -60 -2 -10 0.007
    -58 2 -14 0.008
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  Heschl’s Gyrus (includes H1 and H2) (L) -52 -18 8 0.008
  Middle Temporal Gyrus -58 -8 -12 0.008
  Middle Temporal Gyrus (L) -56 -50 10 0.024
    -56 -46 8 0.024
  Insular Cortex (L) -38 -2 -6 0.024
    -40 4 4 0.030
  Precentral Gyrus (L) -44 -10 56 0.033
  Postcentral Gyrus (L) -50 -18 34 0.025
  -42 -20 36 0.033
    -42 -14 32 0.033
  Supramarginal Gyrus (L) -62 -42 14 0.028
    -48 -30 38 0.033
2933 Hippocampus (R) 20 -6 -22 0.000
  Central Opercular Cortex (R) 60 -8 6 0.013
  42 -16 12 0.028
    54 -16 10 0.041
  Superior Temporal Gyrus (R) 60 -8 -8 0.013
    66 -18 8 0.015
  52 -30 2 0.032
    58 2 -14 0.036
  Middle Temporal Gyrus (R) 64 -6 -12 0.015
  Precentral Gyrus (R) 64 -4 20 0.041
  64 4 18 0.041
    64 8 16 0.041
  Postcentral Gyrus (R) 54 -10 24 0.016
    56 -6 20 0.041
  Heschl’s Gyrus (includes H1 and H2) (R) 44 -20 14 0.028
    38 -20 10 0.041
  Insular Cortex (R) 36 6 -16 0.033
    40 -6 6 0.036
  Planum Temporale (R) 48 -30 16 0.035
    50 -28 12 0.041
SF Left ASD*
positive
Cluster Size Structure x y z p-value
34867 anterior Parahippocampal Gyrus (L) -16 -8 -26 0.001
    -12 -6 -26 0.001
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  anterior Parahippocampal Gyrus (R) 12 -4 -22 0.001
    18 2 -26 0.001
  Planum Polare (R) 50 -6 0 0.001
  Middle Temporal Gyrus (L) -46 -40 0 0.001
  -62 -36 -4 0.001
  Superior Temporal Gyrus (R) 58 2 -6 0.001
  Insular Cortex (R) 42 2 -8 0.001
  Temporal Pole (R) 46 10 -16 0.001
  Hippocampus (R) 14 -6 -18 0.001
    22 -8 -20 0.001
  Brain-Stem -4 -10 -18 0.001
  Hippocampus (L) -22 -18 -18 0.001
  Temporal Pole (R) 46 16 -20 0.001
    28 8 -24 0.001
  42 18 -22 0.001
    56 12 -28 0.001
  Amygdala (R) 20 0 -20 0.001
    28 -20 -20 0.001
SF Right ASD*
positive
Cluster Size Structure x y z p-value
47175 Temporal Pole (R) 26 14 -36 0.000
  Superior Temporal Gyrus (L) -60 -36 4 0.001
  -52 -38 4 0.001
  Superior Temporal Gyrus (R) 68 -12 2 0.001
  Postcentral Gyrus (R) 62 -12 40 0.001
    42 -12 32 0.001
  Precentral Gyrus (R) 62 -2 24 0.001
    56 -4 24 0.001
  Parietal Operculum Cortex (R) 50 -32 30 0.001
  Central Opercular Cortex (L) -64 -22 14 0.001
  Planum Temporale (R) 58 -28 12 0.001
    62 -24 10 0.001
  Planum Temporale (L) -52 -32 12 0.001
    -52 -28 10 0.001
  -60 -12 4 0.001
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  Middle Temporal Gyrus (L) -50 -58 10 0.001
  -54 -50 8 0.001
  Lateral Occipital Cortex (L) -54 -66 10 0.001
  Supramarginal Gyrus (R) 62 -38 6 0.001
  Central Opercular Cortex (L) -54 -4 4 0.001
  Heschl’s Gyrus (includes H1 and H2) (R) 48 -10 4 0.001
           
negative
5  anterior Paracingulate Gyrus (L) 0 32 36 0.047
Cluster peaks and local maxima indicate positive and negative main effects with cortical areas from the 
(SF Left Controls) left superficial amygdala in controls, (SF Right Controls) right superficial amygdala in 
controls, (SF Left ASD) left superficial amygdala in ASD and (SF Right ASD) right superficial amygdala in 
ASD; (p < 0.05, FWE corrected). 
*Supplementary material 7 provides additional cluster information.
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Supplementary material 5. Intrinsic laterobasal-cortical functional connectivity.  
LB Left Controls
positive
Cluster Size Structure x y z p-value
4608 Parahippocampal Gyrus (L) -26 -8 -34 0.000
  Temporal Pole (L) -54 4 -28 0.005
  -38 6 -30 0.005
    -44 4 -32 0.005
  -58 6 -14 0.012
  Temporal Occipital Fusiform Cortex (L) -36 -52 -20 0.014
  Planum Temporale (L) -60 -24 12 0.015
    -64 -26 12 0.015
  -54 -34 16 0.018
  Lateral Occipital Cortex (L) -52 -68 10 0.015
  Frontal Orbital Cortex (L) -34 18 -26 0.015
  Temporal Fusiform Cortex (L) -36 -34 -28 0.015
  Heschl’s Gyrus (includes H1 and H2) (L) -50 -22 10 0.017
  Temporal Fusiform Cortex (L) -36 -14 -36 0.017
  Middle Temporal Gyrus (L) -64 -10 -18 0.018
    -64 -16 -20 0.018
  Superior Temporal Gyrus (L) -64 -38 18 0.019
  Postcentral Gyrus (R) 60 -14 48 0.012
  68 -14 22 0.014
    56 -10 44 0.017
2645 Precentral Gyrus (R) 42 -14 52 0.017
  Superior Temporal Gyrus (R) 68 -28 18 0.017
  70 -24 10 0.017
    62 -34 12 0.025
  Planum Temporale (R) 64 -30 18 0.017
  Temporal Pole (R) 54 18 -16 0.020
  Postcentral Gyrus (R) 66 -12 32 0.021
  Insular Cortex (R) 40 -14 -2 0.022
  36 -20 16 0.028
  Planum Polare (R) 48 -2 -8 0.024
  66 -4 4 0.028
    66 -6 -4 0.028
  Parietal Operculum Cortex (R) 56 -32 20 0.026
  Planum Temporale (R) 40 -32 16 0.027
  Central Opercular Cortex (R) 50 -18 14 0.027
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  Precentral Gyrus (R) 38 -8 66 0.028
  Heschl’s Gyrus (includes H1 and H2) (R) 48 -22 12 0.028
2419 Lateral Occipital Cortex (R) 30 -84 28 0.021
  44 -76 -16 0.023
    38 -76 -18 0.023
  56 -64 -6 0.025
    42 -68 0 0.028
  Occipital Fusiform Gyrus (R) 28 -66 -8 0.028
    24 -66 -10 0.028
  24 -74 -6 0.033
  Temporal Occipital Fusiform Cortex (R) 44 -46 -18 0.030
  Lateral Occipital Cortex (R) 32 -74 16 0.031
    44 -86 2 0.033
  42 -74 0 0.033
    44 -66 -4 0.033
  Lingual Gyrus (R) 12 -74 2 0.031
    14 -74 -4 0.033
  Occipital Pole (R) 24 -90 26 0.033
    16 -96 20 0.033
  36 -96 4 0.033
1226 Precentral Gyrus (L) -44 -14 56 0.014
  -38 -12 56 0.015
    -40 -22 60 0.024
  -38 -24 56 0.049
    -28 -24 54 0.049
  Postcentral Gyrus (L) -42 -18 48 0.024
    -28 -38 70 0.041
  -52 -28 52 0.044
    -54 -24 40 0.047
  -30 -32 66 0.049
  Superior Parietal Lobule (L) -32 -42 54 0.042
  -32 -40 50 0.049
  Supramarginal Gyrus (L) -52 -26 32 0.049
1212 Lateral Occipital Cortex (L) -20 -80 42 0.020
    -26 -60 50 0.026
  -26 -80 24 0.026
    -22 -88 24 0.026
  -18 -62 46 0.049
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  Supracalcarine Cortex (L) -10 -66 14 0.047
  Superior Parietal Lobule (L) -16 -56 58 0.049
  Cuneal Cortex (L) -12 -76 20 0.049
  -4 -80 18 0.049
    -18 -72 16 0.049
  Occipital Pole (L) -4 -94 20 0.049
    -24 -90 16 0.049
  Intracalcarine Cortex (L) 0 -70 10 0.049
73 Parahippocampal Gyrus (R) 32 -18 -30 0.047
  Temporal Fusiform Cortex (R) 40 -18 -28 0.048
LB Right Controls
positive
Cluster Size Structure x y z p-value
3852 Temporal Fusiform Cortex, anterior  (R) 32 -6 -36 0.000
  Temporal Pole (R) 40 14 -38 0.006
  32 10 -38 0.006
    40 10 -38 0.006
  32 10 -42 0.006
    58 12 -14 0.010
  54 6 -18 0.010
  Hippocampus (R) 26 -20 -22 0.008
  Temporal Fusiform Cortex,posterior (R) 42 -16 -30 0.008
  Planum Temporale (R) 62 -8 4 0.009
  60 -20 10 0.010
    60 -16 6 0.010
  Middle Temporal Gyrus,anterior (R) 60 -4 -22 0.009
  Middle Temporal Gyrus,posterior (R) 60 -14 -20 0.010
  Middle Temporal Gyrus,posterior (R) 58 -8 -26 0.010
  Parietal Operculum Cortex (R) 56 -28 20 0.010
  Superior Temporal Gyrus,posterior (R) 64 -32 12 0.010
  Superior Temporal Gyrus,anterior (R) 60 2 -10 0.010
  58 4 -16 0.010
  Planum Polare (R) 62 4 2 0.010
225 Postcentral Gyrus (L) -10 -48 64 0.027
    -22 -42 58 0.034
  Superior Parietal Lobule (L) -38 -40 60 0.037
  Postcentral Gyrus (L) -22 -40 54 0.037
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207 Cingulate Gyrus,anterior (R) 6 -12 44 0.031
  Cingulate Gyrus,anterior (L) 0 -2 44 0.033
  -4 -14 44 0.048
  Precentral Gyrus (L) 0 -22 50 0.048
207 Postcentral Gyrus (R) 56 -10 48 0.025
    62 -6 36 0.033
  62 -6 32 0.042
  Precentral Gyrus  (R) 58 -4 44 0.028
  52 -8 34 0.042
153 Superior Temporal Gyrus,anterior (L) -64 -8 -4 0.018
  Planum Temporale (L) -64 -14 6 0.031
  Temporal Pole (L) -60 6 -4 0.045
54 Postcentral Gyrus (L) -44 -18 54 0.046
47 Planum Temporale  (R) 40 -28 14 0.045
42 Juxtapositional Lobule Cortex (R) 2 -8 62 0.033
    2 -8 62 0.034
  6 0 60 0.041
24 Amygdala (L) -16 -2 -18 0.023
23 Frontal Orbital Cortex  (R) 44 28 -18 0.048
18 Parietal Operculum Cortex (L) -46 -36 22 0.050
18 Precentral Gyrus  (R) 52 4 14 0.049
17 Supramarginal Gyrus, posterior (L) -64 -42 16 0.050
LB Left ASD
positive
Cluster Size Structure x y z p-value
7681 Temporal Fusiform Cortex (L) -22 -2 -44 0.000
    -30 -26 -30 0.001
  -36 -40 -30 0.001
    -38 -18 -34 0.001
  -42 -20 -34 0.001
  Superior Temporal Gyrus (L) -56 -6 -8 0.001
  Middle Temporal Gyrus (L) -54 -16 -12 0.001
    -52 -2 -22 0.001
  Temporal Pole (L) -48 16 -28 0.001
    -46 8 -28 0.001
  -46 20 -30 0.001
    -24 14 -42 0.001
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  Cerebellum (L) -16 -40 -28 0.001
    -28 -42 -32 0.001
  Parahippocampal Gyrus (L) -24 -12 -40 0.001
  Frontal Orbital Cortex (L) -30 32 -16 0.004
  Brain Stem -22 -36 -30 0.001
5630 Temporal Pole (R) 48 8 -30 0.002
  48 8 -30 0.003
    26 10 -40 0.005
  Planum Polare (R) 54 4 -6 0.003
  Superior Temporal Gyrus (R) 66 -4 -8 0.004
  60 -6 -8 0.004
    58 -6 -12 0.004
  60 2 -14 0.004
  Inferior Temporal Gyrus (R) 44 -28 -22 0.004
  Inferior Temporal Gyrus (R) 46 0 -36 0.004
  Temporal Fusiform Cortex (R) 40 -18 -24 0.004
  38 -10 -28 0.004
    42 -38 -24 0.005
  40 -16 -28 0.005
  Temporal Occipital Fusiform Cortex (R) 46 -48 -22 0.005
  Parahippocampal Gyrus (R) 26 -20 -22 0.004
  Hippocampus (R) 32 -6 -24 0.004
  26 -12 -24 0.004
    28 -6 -26 0.004
  32 -24 -10 0.006
  Brain Stem 16 -36 -28 0.005
718 Precentral Gyrus (R) 30 -28 52 0.026
    30 -28 52 0.026
  36 -16 40 0.028
    44 -6 36 0.042
  38 -16 36 0.046
  Postcentral Gyrus (R) 34 -26 50 0.028
  42 -22 44 0.028
    56 -12 48 0.038
  36 -32 50 0.046
    56 -16 40 0.046
23 Planum Temporale (R) 64 -18 8 0.043
  Superior Temporal Gyrus (R) 68 -24 10 0.043
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22 Lateral Occipital Cortex (L) -36 -68 0 0.045
8 Superior Temporal Gyrus (R) 68 -28 18 0.047
LB Right ASD
positive
Cluster Size Structure x y z p-value
10471 Temporal Fusiform Cortex (R) 30 -4 -38 0.000
    38 -26 -26 0.001
  Temporal Fusiform Cortex (L) -42 -22 -26 0.001
  Hippocampus (R) 32 -20 -10 0.001
  Middle Temporal Gyrus (L) -54 -20 -20 0.001
    -60 -14 -22 0.001
  -64 -10 -26 0.001
  Middle Temporal Gyrus (R) 66 -12 -24 0.001
  58 -8 -26 0.001
  Temporal Pole (R) 36 16 -24 0.001
  Temporal Pole (L) -40 6 -24 0.001
  Inferior Temporal Gyrus (R) 60 -26 -24 0.001
  60 -22 -26 0.001
    48 -28 -24 0.001
  Parahippocampal Gyrus (L) -18 -12 -28 0.001
    -18 -2 -30 0.001
  -26 -16 -30 0.001
  Parahippocampal Gyrus (R) 26 -16 -30 0.001
  Frontal Orbital Cortex (R) 28 12 -24 0.001
251 Frontal Pole (L) -38 36 -20 0.965
  -38 36 -20 0.965
  Frontal Orbital Cortex (L) -38 32 -20 0.963
  -30 30 -20 0.961
    -46 28 -16 0.959
  -42 28 -18 0.958
    -26 26 -20 0.954
136 Occipital Pole (R) 24 -92 6 0.974
    24 -92 6 0.974
  18 -86 10 0.970
    24 -90 0 0.968
  Lateral Occipital Cortex (R) 28 -88 -2 0.959
125 Middle Temporal Gyrus (L) -58 -42 -10 0.959
  -58 -42 -10 0.959
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    -62 -32 -4 0.953
  Inferior Temporal Gyrus (L) -58 -44 -18 0.957
119 Frontal Pole (R) 40 36 -20 0.959
  40 36 -20 0.958
    46 42 -20 0.953
  Frontal Orbital Cortex (R) 30 32 -16 0.958
    38 24 -18 0.953
17 Frontal Pole (R) 28 54 -16 0.953
    28 54 -16 0.953
  28 48 -16 0.952
12 Cerebellum (L) -18 -50 -20 0.047
9 Lingual Gyrus (R) 22 -74 -2 0.050
  Amygdala (L) -26 -2 -30 0.001
Cluster peaks and local maxima indicate positive and negative main effects with cortical areas from the 
(LB Left Controls) left laterobasal amygdala in controls, (LB Right Controls) right laterobasal amygdala 
in controls, (LB Left ASD) left laterobasal amygdala in ASD and (LB Right ASD) right laterobasal 
amygdala in ASD; (p < 0.05, FWE corrected).
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Supplementary material 6. Intrinsic centromedial-cortical functional connectivity.  
CM Right Controls
negative
Cluster Size Structure x y z p-value
15 Occipital Fusiform Gyrus (R) 28 -64 -10 0.040
CM Left ASD
positive
Cluster Size Structure x y z p-value
1592 Postcentral Gyrus (L) -36 -22 40 0.004
    -6 -36 56 0.014
  -28 -28 48 0.016
    -42 -14 30 0.016
  Precentral Gyrus (L) -18 -26 66 0.007
    -24 -24 64 0.007
  -52 -16 44 0.007
    -10 -34 62 0.009
  -46 -12 50 0.009
  Precentral Gyrus (R) 2 -24 54 0.029
  6 -20 62 0.033
    12 -28 62 0.035
  Postcentral Gyrus (R) 10 -34 64 0.033
244 Amygdala (L) -22 -8 -16 0.000
  Insular Cortex (L) -34  -12 -6 0.049
73 Precentral Gyrus (R) 40 -14 60 0.007
  Postcentral Gyrus (R) 44 -24 58 0.037
6 Precentral Gyrus (R) 42 -10 40 0.046
CM Right ASD
positive          
Cluster Size Structure x y z p-value
3094 Amygdala (R) 30 -8 -14 0.000
  Thalamus (L) -2 -10 6 0.006
  -2 -24 6 0.010
  Thalamus (R) 12 -14 4 0.007
  4 -24 6 0.010
    6 -4 2 0.029
  6 0 0 0.029
    24 -14 18 0.024
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  Pallidum (R) 18 2 4 0.008
    22 18 2 0.028
  Central Opercular Cortex (R) 48 -4 10 0.004
    52 -14 12 0.007
  42 -2 14 0.014
  Postcentral Gyrus (R) 50 -6 22 0.006
  Precentral Gyrus (R) 62 10 14 0.028
  Heschl’s Gyrus (includes H1 and H2) (R) 52 -12 6 0.007
  54 -16 4 0.015
  Supramarginal Gyrus (R) 56 -22 26 0.027
  64 8 24 0.032
  Frontal Operculum Cortex (R) 40 12 4 0.032
2 Putamen (L) -24 0 -10 0.046
           
negative
268 Lateral Occipital Cortex, superior (R) 26 -72 40 0.978
  28 -78 38 0.977
    28 -82 46 0.972
  28 -68 28 0.970
    28 -72 50 0.961
161 Lateral Occipital Cortex, superior (L) -12 -78 44 0.987
    -10 -86 42 0.972
  -26 -88 40 0.972
38 Parietal Lobule, superior (R) 28 -54 38 0.967
Cluster peaks and local maxima indicate positive and negative main effects with cortical areas from the 
(CM Right Controls) right centromedial amygdala in controls, (CM Left ASD) left centromedial amygdala 
in ASD and (CM Right ASD) right centromedial amygdala in ASD; (p < 0.05, FWE corrected). 
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Supplementary material 7. Intrinsic amygdalo-cortical functional connectivity in 
superficial subregion. 
SF Left Controls
positive
Cluster Size Structure x y z p-value
883 Precentral Gyrus (L) -42 -16 56 0.001
6 Precentral Gyrus (L) -2 -30 70 0.001
5 Precentral Gyrus (R) 64 2 20 0.001
608 Postcentral Gyrus (R) 38 -32 64 0.001
6 Postcentral Gyrus (L) -44 -28 44 0.001
3 Postcentral Gyrus (L) -58 -24 52 0.001
1 Postcentral Gyrus (L) -64 -6 30 0.001
480 Parahippocampal Gyrus, anterior division (R) -14 -6 -26 0.001
3 Parahippocampal Gyrus, posterior division (L) -26 -30 -22 0.001
311 Cingulate Gyrus, posterior division (R) 4 -20 48 0.001
24 Cingulate Gyrus (R) 6 -46 30 0.001
289 Temporal Pole (R) 52 16 -30 0.001
170 Superior Temporal Gyrus, posterior division (L) -60 -18 0 0.001
137 Lateral Occipital Cortex, inferior division (L) -50 -72 -6 0.001
94 Postcentral Gyrus (R) 40 -14 34 0.001
78 Occipital Fusiform Gyrus (R) 30 -84 -18 0.001
67 Right Amygdala (R) 26 -6 -22 0.001
61 Superior Parietal Lobule (R) 26 -56 56 0.001
55 Superior Parietal Lobule (L) -30 -56 56 0.001
1 Superior Parietal Lobule (R) 36 -52 64 0.001
36 Superior Temporal Gyrus, posterior division (L) -60 -8 -8 0.001
34 Inferior Temporal Gyrus (R) 50 -42 -18 0.001
32 Middle Temporal Gyrus (L) -56 -4 -20 0.001
17 Middle Temporal Gyrus, temporooccipital part (R) 60 -44 12 0.001
11 Middle Temporal Gyrus, temporooccipital part (L) -48 -48 4 0.001
10 Middle Temporal Gyrus, temporooccipital part  (L) -62 -46 6 0.001
30 Temporal Occipital Fusiform Cortex (L) -44 -54 -18 0.001
7 Temporal Occipital Fusiform Cortex (L) -30 -48 -20 0.001
24 Precuneous Cortex (L) -2 -54 16 0.001
18 Lingual Gyrus (R) 20 -38 -12 0.001
8 Lingual Gyrus (L) -12 -50 -8 0.001
1 Lingual Gyrus (L) -6 -46 -6 0.001
1 Lingual Gyrus (L) -24 -46 -10 0.001
13 Temporal Pole (R) 42 18 -38 0.001
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12 Insular Cortex (R) 36 -8 2 0.001
11 Frontal Orbital Cortex (R) 40 32 -12 0.001
5 Temporal Fusiform Cortex, posterior division (L) -40 -44 -26 0.001
2 Temporal Fusiform Cortex, posterior division (R) 42 -14 -28 0.001
4 Precuneous Cortex (R) 16 -56 8 0.001
4 Inferior Frontal Gyrus, pars triangularis (L) -54 26 6 0.001
4 Precuneous Cortex (L) -18 -58 10 0.001
4 Lateral Occipital Cortex, inferior division (L) -42 -74 -12 0.001
3 Lateral Occipital Cortex, inferior division (R) 30 -86 8 0.001
1 Lateral Occipital Cortex, superior division (R) 56 -62 18 0.001
4 Occipital Fusiform Gyrus (L) -14 -88 -14 0.001
4 Occipital Fusiform Gyrus (L) -28 -82 -16 0.001
2 Precuneous Cortex (R) 12 -60 18 0.001
2 Subcallosal Cortex (R) 2 8 -12 0.001
1 Hippocampus (R) 32 -22 -16 0.001
 
SF Left ASD
positive
Cluster Size Structure x y z p-value
650 Parahippocampal Gyrus, anterior division (L) -16 -8 -26 0.000
34 Parahippocampal Gyrus, posterior division (L) -10 -36 -8 0.003
20 Parahippocampal Gyrus, posterior division (L) -14 -30 -12 0.003
429 Amygdala (R) 20 0 -20 0.000
220 Insular Cortex (R) 42 2 -8 0.001
127 Middle Temporal Gyrus, posterior division (L) -62 -36 -4 0.001
44 Middle Temporal Gyrus, anterior division (L) -60 -6 -18 0.003
17 Middle Temporal Gyrus, anterior division (R) 64 0 -22 0.003
4 Middle Temporal Gyrus, posterior division (R) 66 -34 -2 0.005
115 Temporal Pole (R) 56 12 -28 0.001
10 Temporal Pole (R) 52 4 -40 0.004
4 Temporal Pole (R) 36 18 -44 0.005
95 Frontal Operculum Cortex (L) -46 28 0 0.001
55 Central Opercular Cortex (R) 62 -2 6 0.002
1 Central Opercular Cortex (L) -54 -14 12 0.006
48 Precentral Gyrus (L) 0 -20 58 0.002
43 Precentral Gyrus (L) -40 -16 52 0.002
41 Precentral Gyrus (L) -54 -10 44 0.003
40 Precentral Gyrus (L) -18 -28 58 0.003
6 Precentral Gyrus (L) -48 8 28 0.005
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4 Precentral Gyrus (L) -64 -4 12 0.005
3 Precentral Gyrus (L) -4 -32 70 0.005
1 Precentral Gyrus (L) -32 -24 52 0.006
45 Precentral Gyrus (R) 22 -28 56 0.002
1 Precentral Gyrus (R) 30 -22 54 0.006
26 Frontal Orbital Cortex (L) -28 12 -22 0.003
1 Frontal Orbital Cortex (R) 26 28 -8 0.006
1 Frontal Orbital Cortex (R) 26 24 -10 0.006
20 Hippocampus (R) 28 -30 -14 0.003
18 Planum Polare (R) 40 2 -20 0.003
17 Superior Temporal Gyrus, anterior division (L) -60 -2 0 0.003
15 Superior Temporal Gyrus, anterior division (L) -56 2 -14 0.003
13 Brain-Stem 10 -34 -4 0.003
11 Inferior Temporal Gyrus, temporooccipital division (L) -48 -52 -14 0.004
9 Thalamus (L) -2 2 -2 0.004
7 Angular Gyrus (Supramarginal Gyrus, posterior division) (L) -60 -50 14 0.004
2 Supramarginal Gyrus, posterior division (L) -66 -48 22 0.006
7 Caudate (R) 10 18 6 0.004
1 Caudate (L) -4 12 4 0.006
7 Temporal Pole (R) 42 22 -32 0.004
7 Postcentral Gyrus (R) 60 -8 20 0.004
7 Postcentral Gyrus (L) -66 -8 28 0.005
6 Postcentral Gyrus (L) -42 -24 50 0.005
2 Postcentral Gyrus (L) -66 -14 32 0.006
4 Postcentral Gyrus (L) -50 -26 52 0.005
2 Postcentral Gyrus (R) 66 -14 30 0.006
2 Postcentral Gyrus (R) 54 -10 28 0.006
2 Planum Temporale (L) -60 -30 10 0.006
1 Juxtapositional Lobule Cortex (L) -2 -6 56 0.006
1 Superior Temporal Gyrus, posterior division (L) -54 -20 -2 0.006
1 Superior Temporal Gyrus, posterior division (L) -52 -20 -6 0.006
 
SF Right ASD
positive
Cluster Size Structure x y z p-value
563 Frontal Medial Cortex (R) 2 54 -12 0.010
528 Postcentral Gyrus (L) -50 -16 34 0.013
193 Postcentral Gyrus (L) 0 -36 70 0.029
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182 Central Opercular Cortex (L) -46 -18 12 0.027
175 Cingulate Gyrus, anterior division (R) 2 -8 44 0.029
15 Cingulate Gyrus, anterior division (L) -2 36 2 0.044
10 Cingulate Gyrus, posterior division (L) -14 -40 2 0.045
172 Cerebellum, right VI (R) 26 -68 -24 0.032
17 Cerebellum, right IX (R) 12 -48 -36 0.044
164 Cerebellum, left VI (L) -16 -64 -22 0.027
12 Cerebellum, left IX (L) -8 -56 -40 0.044
148 Precuneous Cortex (R) 2 -56 30 0.032
9 Precuneous Cortex (L) -8 -48 60 0.045
135 Vermis VI 2 -60 -26 0.034
117 Inferior Frontal Gyrus, pars triangularis (R) 58 32 12 0.032
25 Inferior Frontal Gyrus, pars opercularis (R) 36 14 24 0.043
82 Postcentral Gyrus (R) 46 -18 60 0.030
33 Postcentral Gyrus (R) 38 -22 48 0.042
24 Postcentral Gyrus (R) 20 -40 70 0.043
35 Postcentral Gyrus (L) -24 -32 58 0.041
74 Temporal Fusiform Cortex, posterior division (L) -30 -12 -40 0.039
64 Temporal Fusiform Cortex, posterior division (R) 44 -32 -12 0.034
41 Temporal Occipital Fusiform Cortex (L) -42 -56 -16 0.036
57 Inferior Temporal Gyrus, temporooccipital part (R) 50 -54 -26 0.039
53 Angular Gyrus (R) 64 -56 16 0.039
43 Occipital Fusiform Gyrus (L) -38 -76 -24 0.040
33 WM Callosal body (R) 16 32 -6 0.042
31 Lateral Occipital Cortex, superior division (L) -46 -72 22 0.042
28 Juxtapositional Lobule Cortex (R) 2 -6 70 0.043
21 Parahippocampal Gyrus, anterior division (R) 14 2 -40 0.043
20 Thalamus (R) 2 -20 10 0.043
20 Thalamus (L) -8 -28 6 0.043
20 Brain-Stem -12 -36 -24 0.041
18 Putamen (R) 26 -14 14 0.044
17 WM Callosal body (R) 14 6 26 0.044
14 Heschl’s Gyrus (includes H1 and H2) (R) 42 -20 6 0.044
12 Lingual Gyrus (R) 12 -88 -12 0.044
11 Lingual Gyrus (R) 16 -72 -14 0.044
As a result of the highly significant superficial-cortical main effects in ASD and controls, Supplementary 
material 4 fails to represent the entire range of superficial-cortical activation patterns. To provide 
additional atlas information, we manipulated the significance thresholds for (SF Left Controls) left 
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superficial amygdala correlations in controls using alpha 0.01 (p < 0.01, FWE corrected), (SF Left ASD) 
left superficial amygdala correlations in ASD using alpha 0.007 (p < 0.007, FWE corrected) and (SF 
Right ASD) right superficial amygdala correlations in ASD using a lower threshold of 0.01 and an upper 
threshold of 0.005 (0.01 > p < 0.05, FWE corrected).
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Supplementary material 8. Reduced functional connectivity in ASD. 
Reduced EA Connectivity in ASD
Seed Cluster Size Structure x y z p-value
Left EA
379 Occipital Pole (L) -24 -90 34 0.026
-18 -92 38 0.031
    -16 -90 42 0.034
Cuneal Cortex (L) -8 -88 30 0.035
  Cuneal Cortex (R) 6 -70 20 0.047
12 -72 22 0.038
  Supracalcarine Cortex (L) -2 -72 20 0.037
Intracalcarine Cortex (L) -2 -70 14 0.038
35 Lateral Occipital Cortex (L) -26 -60 58 0.040
Superior Parietal Lobule (L) -28 -56 50 0.043
31 Lateral Occipital Cortex (L) -20 -82 48 0.042
2 Lateral Occipital Cortex (R) 28 -58 64 0.049
Right EA 56 Superior Parietal Lobule (R) 14 -54 62 0.023
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Reduced Nucleus Connectivity in ASD
Seed Cluster Size Structure x y z p-value
Left SF
2961 Precuneous Cortex (R) 16 -58 8 0.003
Cuneal Cortex (L) -20 -70 24 0.013
    -10 -80 26 0.010
Cuneal Cortex (R) 18 -78 34 0.011
    6 -70 22 0.004
Supracalcarine Cortex (R) 24 -60 18 0.004
  Precuneous Cortex (R) 12 -62 18 0.004
18 -56 18 0.005
  Precuneous Cortex (L) -18 -58 10 0.013
-16 -58 4 0.015
  Cuneal Cortex (L) -2 -72 22 0.005
Occipital Pole (R) 10 -88 40 0.006
  Intracalcarine Cortex (R) 6 -62 12 0.006
Intracalcarine Cortex (L) -14 -64 6 0.015
    -6 -64 12 0.011
-6 -64 8 0.011
  Lateral Occipital Cortex (L) -12 -88 36 0.008
-58 -62 -8 0.011
    -48 -80 10 0.013
-46 -82 4 0.013
398 Superior Parietal Lobule (R) 28 -54 62 0.004
32 -54 70 0.005
    40 -44 68 0.035
38 -40 64 0.039
  Postcentral Gyrus (R) 38 -30 68 0.023
368 Lateral Occipital Cortex (R) 44 -60 12 0.023
    42 -70 14 0.023
44 -68 28 0.033
    40 -72 26 0.033
44 -72 26 0.033
    30 -76 18 0.038
Angular Gyrus (R) 52 -58 18 0.032
    44 -56 24 0.036
10 Precentral Gyrus (R) 44 -16 64 0.047
Right LB 12 Superior Parietal Lobule (R) 14 -52 64 0.047
Reported cluster peaks and local maxima indicate areas of higher (Reduced EA connectivity in ASD) 
entire amygdalo-cortical correlations in controls compared to the ASD group between (Left EA) left 
entire amygdala and the listed structures and (Right EA) right entire amygdala correlations and the 
listed structures. Higher (Reduced nucleus connectivity in ASD) subregion specific partial correlations 
are listed between (Left SF) left superficial subregion and the listed structures and (Right LB) right 
laterobasal subregion with right superior parietal lobe in controls compared to the ASD group (p < 0.05, 
FWE corrected).
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Supplementary material 9.  Functional connectivity with age effects.
Reduced EA Connectivity in ASD
Seed Cluster Size Structure x y z p-value
Left EA
470   Occipital Pole (L) -24 -90 34 0.025
66   Lateral Occipital Cortex (L) -26 -60 58 0.036
42   Lateral Occipital Cortex (L) -20 -82 48 0.041
13   Lateral Occipital Cortex (L) 28 -58 64 0.045
9   Lateral Occipital Cortex (L) -24 -70 54 0.047
Right EA 50   Superior Parietal Lobule 14 -52 62 0.024
Reduced Nuclei Connectivity in ASD
Seed Cluster Size Structure x y z p-value
SF Left
3421   Precuneous Cortex (R) 18 -58 8 0.002
531   Superior Parietal Lobule (R) 28 -54 62 0.005
504   Lateral Occipital Cortex (R) 42 -70 14 0.019
229   Precuneous Cortex (R) 2 -62 64 0.025
127   Lateral Occipital Cortex (L) -26 -70 62 0.036
41   Superior Parietal Lobule (L) -38 -52 66 0.041
LB Right 14   Superior Parietal Lobule 14 -52 64 0.054
SF Left 
negative age effect
Cluster Size Structure x y z p-value
33 Temporal Pole (R) 30 20 -32 0.023
19  Lateral Occipital Cortex, superior 
division (L) -34 -70 34 0.035
1 Lateral Occipital Cortex, superior 
division (L) -26 -72 36 0.049
Supplementary material 9 shows functional connectivity between-group effects with age as covariate 
and negative main effects of age in left superficial nucleus. Cluster peaks indicate areas of higher 
(Reduced EA connectivity in ASD) entire amygdalo-cortical correlations in controls compared to the 
ASD group between (Left EA) left entire amygdala and the listed structures and (Right EA) right 
entire amygdala correlations and the listed structures with age as covariate. Higher (Reduced nucleus 
connectivity in ASD) nucleus specific partial correlations are listed between (Left SF) left superficial 
nucleus and the listed structures and (Right LB) right laterobasal nucleus with right superior parietal 
lobe in controls compared to the ASD group (left SF: p < 0.05, FWE corrected; right LB: p < 0.06, FWE 
corrected). Negative main effects of age are shown (SF Left) (p < 0.05, FWE corrected).
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Supplementary material 10. Subject-wise tSNR levels per nucleus group
Participant Right CM Left CM Right SF Left SF Right LB Left LB
1 35.86 42.84 45.58 27.47 36.62 30.40
2 39.98 27.91 34.15 31.61 34.76 35.71
3 45.40 36.21 49.03 45.86 43.45 43.51
4 31.95 48.31 41.39 38.11 41.73 35.60
5 34.04 32.05 34.83 31.27 32.03 34.09
6 29.09 32.93 31.84 36.41 40.93 34.82
7 34.70 34.95 36.24 40.11 38.59 40.52
8 44.61 35.64 36.25 34.83 37.12 36.81
9 41.56 35.52 33.79 32.12 36.72 34.83
10 27.93 28.70 31.46 26.28 27.00 25.81
11 33.41 33.48 33.78 36.21 34.01 34.74
12 42.17 29.81 37.94 33.14 33.41 31.21
13 41.50 42.13 45.42 43.69 43.32 35.85
14 50.37 50.74 54.52 42.54 45.30 38.88
15 40.34 36.67 32.16 36.26 42.63 42.16
16 52.14 55.22* 43.27 45.21 48.32 47.03
17 42.76 28.57 40.76 34.49 39.93 42.65
18 45.53 41.61 49.60 40.92 40.09 36.38
19 32.03 41.22 40.61 35.70 41.33 32.75
20 45.55 45.08 45.04 32.72 37.23 38.08
21 32.39 44.10 37.07 42.75 22.43* 29.97
22 50.88 41.92 48.98 37.46 46.62 43.01
23 60.63 54.83* 49.79 45.73 48.97 40.93
24 48.49 33.77 43.91 42.86 42.53 43.91
25 32.57 33.95 36.57 33.45 34.03 33.68
26 42.18 31.43 46.75 33.28 40.43 38.06
27 35.32 45.22 42.86 32.64 39.42 38.37
28 46.06 41.76 42.57 45.00 44.04 39.98
29 32.51 39.68 32.34 36.51 40.05 38.83
30 50.19 48.67 44.11 38.46 44.70 43.70
31 40.83 41.20 44.95 41.77 41.65 42.31
32 34.03 38.36 35.26 34.44 35.78 45.46
33 39.52 34.91 39.88 32.41 39.65 39.95
34 36.34 41.78 38.66 41.24 34.25 31.97
35 29.71 35.47 35.22 39.31 32.72 34.95
36 31.94 43.29 45.17 32.18 33.74 32.42
37 43.10 35.55 40.70 35.82 39.42 36.69
Chapter 2
84
38 28.87 40.38 32.60 35.87 42.45 37.99
39 37.34 39.35 41.41 38.19 40.59 37.76
40 25.17 32.18 27.05 27.91 29.11 29.57
41 46.40 47.96 37.52 35.88 42.41 37.39
42 47.87 40.62 33.90 34.86 36.10 36.13
43 38.80 43.39 38.69 34.87 36.62 35.88
44 45.76 40.04 43.46 38.64 50.43 42.07
45 41.80 39.03 50.65 45.84 45.31 48.19
Supplementary material 10 shows the subject-wise tSNR (time-series’ signal-to-noise ratios) levels for 
each nucleus group. ASD group = Participant 1-20; Control group = Participant 21-45. *outliers
Supplementary material 10. Continued
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Supplementary material 11. Similarity between all partial correlation maps combined 
and entire amygdala correlation maps in healthy subjects. 
This figure demonstrates the similarity between entire amygdalo-cortical connectivity and amygdalo-
cortical subcompartment connectivity. The upper two rows depict intrinsic connectivity maps from (EA 
Right) the entire right amygdala seed compared to (Nuclei Right) all subcompartment partial correlation 
maps combined with overlay settings. The lower two rows show (EA Left) left entire amygdalo-cortical 
correlation maps and (Nuclei Left) all partial correlations subcompartment maps in the same way; (p < 
0.05, FWE corrected).
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Abstract
Amygdala dysfunction plays a role in the social impairments in autism spectrum 
disorders (ASD), but it is unclear which of its subregions are abnormal in ASD. This 
study compared the volume and functional connectivity (FC) strength of three 
FC-defined amygdala subregions between ASD and controls, and assessed their 
relation to social skills in ASD. A subregion associated with the social perception 
network was enlarged in ASD (F1=7.842, p=.008) and its volume correlated 
significantly with symptom severity (social skills: r=.548, p=.009). Posthoc analysis 
revealed that the enlargement was driven by the vmPFC amygdala network. 
These findings refine our understanding of abnormal amygdala connectivity in 
ASD and may inform future strategies for therapeutic interventions targeting the 
amygdalofrontal pathway.
Abbreviations
SBN=Social brain network
cACC=caudal anterior cingulated cortex
lOFC=lateral orbitofrontal cortex
vmPFC=ventromedial prefrontal cortex
AOF parcel=amygdala lOFC parcel
APF parcel=amygdala vmPFC parcel
AAC parcel=amygdala cACC parcel
FCAOF-lOFC=Functional connectivity between AOF and lOFC
FCAPF-vmPFC=Functional connectivity between APF and vmPFC
FCAAC-cACC=Functional connectivity between AAC and cACC
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Introduction
Autism Spectrum Disorders (ASD) are a group of neurodevelopmental disorders 
characterized by severe impairments of reciprocal social interaction, verbal and 
nonverbal communication, repetitive and stereotyped behaviours and abnormal 
sensory processes (American Psychiatric Association 2000, 2013). The amygdala 
is thought to play a crucial role in the function of the ‘social brain’ in terms of 
being involved in social cognition, emotion recognition, socio-communicative 
perception and the regulation of emotional responses (Phelps and LeDoux 
2005). The amygdala theory (AT) for ASD therefore hypothesizes that amygdala 
dysfunction underlies the social deficits seen in ASD (Baron-Cohen et al. 2000). In 
line with the AT’s predictions, the amygdala as a whole shows aberrant structural 
growth trajectories, exhibits abnormal functional connectivity (FC), and is involved 
in impaired emotion recognition and over-reactivity to aversive stimuli (Bellani 
et al. 2013; Green et al. 2013; Harms, Martin, and Wallace 2010). The amygdala 
is, however, a composite structure, and its three major nuclei – the laterobasal, 
superficial and centromedial nuclei – have many connections with a wide variety 
of cortical areas. Yet, little is known about which amygdala pathways within the 
‘social brain network’ (SBN) are compromised in ASD.
In earlier work, we used three anatomically defined amygdala subdivisions as 
seeds for a FC strength analysis and demonstrated that alterations within the 
amygdala network in ASD can be traced down to specific amygdala subdivisions. 
This approach, however, reveals functional connections that are associated with 
each amygdala subdivision throughout the whole brain and is therefore not 
system specific. In addition, anatomically defined subdivisions do not respect 
functional boundaries and vice versa, and each of the anatomically-defined 
amygdala subdivisions maintains connections along multiple pathways that are 
associated with various cognitive functions. In the present study, we therefore 
aimed to assess the functional architecture of the amygdala in adolescents with 
ASD by parcellating the amygdala based on its FC with three cortical seeds that are 
specifically anchored within the system of ‘social brain networks’ (SBNs).
Based on resting-state MRI scan data of healthy adults, Bickart et al. (Bickart et al. 
2012; Bickart et al. 2010) characterized three major SBNs that involved the amygdala: 
a ‘social perception’ network, a ‘social affiliation’ network and a ‘social avoidance’ 
network. For the ‘social perception’ network, the amygdala exhibited the strongest 
FC with the lateral orbitofrontal cortex (lOFC). The primary focus of amygdala 
connectivity for the ‘social affiliation’ network was found in ventromedial prefrontal 
cortex (vmPFC). Caudal anterior cingulate cortex (cACC) showed the strongest 
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connectivity with the amygdala within the ‘social avoidance’ network. Bickart et al. 
(Bickart et al. 2012; Bickart et al. 2010) used these cortical seed regions to parcellate 
the amygdala into three functional parcels: the ventrolateral, medial, and dorsal 
amygdala, respectively. Furthermore, the FC strength of these central nodes within 
the ‘social perception’ and ‘social affiliation’ networks correlated positively with the 
diversity and number of friends (Bickart et al. 2012; Bickart et al. 2010).
Here, we first identified the three cortical seed regions found by Bickart et al. in 
our own adolescent healthy controls, and used these to parcellate the amygdala 
in both healthy controls and adolescents with ASD. We then compared the size of 
their associated parcels between the ASD group to the healthy controls. In posthoc 
analysis, we investigated these between group differences further by delineating 
the relationship between the functional volumes and their FC strength to the three 
associated cortical seeds. Finally, we tested whether functional volume serves as a 
marker for social skills in ASD. Because the FC strength of the amygdala’s ‘vmPFC’ 
and ‘lOFC’ parcels have been reported as a good predictor of social network size 
(Bickart et al. 2012; Bickart et al. 2010), we hypothesized that the volumes of the 
amygdala parcels predict the severity of social symptoms and impairment in ASD.
Methods
Participants
Twenty-one adolescents with autistic disorder according to the DSM-IV criteria 
and 25 typically developing controls were enrolled in the study. Participants with 
ASD were recruited through Karakter, Child and Adolescent Psychiatry University 
Center, Nijmegen. The study (including the informed consent procedure and all 
information brochures) was approved by both the regional ethics committee 
(Commissie Mensgebonden Onderzoek Arnhem Nijmegen) and Karakter’s review 
board. All participants provided verbal and written informed consent.
We only included participants with an intelligence quotient (full-scale IQ) of 80 
or higher. Sixteen participants with ASD and 19 control participants under age of 
18 completed the Wechsler Intelligence Scale for Children III (WISC-III) (Kort et 
al. 2002), while participants above age of 18 (ASD=5, controls=6) completed the 
Wechsler Adult Intelligence Scale III (WAIS-III) (Wechsler 2000). All participants also 
completed the short version of Edinburgh Handedness Inventory (Oldfield 1971).
All participants and their parents completed the Autism Spectrum Quotient (AQ) 
about themselves or their child respectively. The AQ is a validated measure of 
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autism spectrum characteristics found within both the typical population and 
individuals with a diagnosis of ASD and thus provides a reliable measurement tool 
for the comparison of autistic traits between our ASD and control sample (Baron-
Cohen et al. 2001). 
Diagnoses of autistic disorder were based on a series of clinical assessments 
including a detailed developmental history, clinical observation, medical work-up 
and cognitive testing in a multidisciplinary team including a child psychiatrist and 
clinical psychologist. Diagnoses of autistic disorder was acquired with the Autism 
Diagnostic Interview - Revised (ADI-R) (Lord, Rutter, and Le Couteur 1994). We 
excluded those with ASD who had co-morbid psychiatric or neurological conditions 
including but not limited to attention deficit/hyperactivity disorder (ADHD), 
depressive disorder, schizophrenia, epilepsy or history of traumatic brain injury. 
None of the participants used medication.
Controls were matched at the group level on age, sex, and handedness and verbal, 
performance and full-scale IQ scores (Table 1). We ruled out the presence of 
psychiatric co-morbidity in controls and verified that all participants scored within 
the normal range using the school-age version of Child Behaviour Check List 
(CBCL/6-18) and Adult Behaviour Check List (ABCL/18-59). 
Table 1. Subject demographics
  ASD Control  
males N=19 (95%) N=22 (88%)  
females N=1 (5%) N=3 (12%)
  Mean SD Mean SD p-value
Total IQ 102.30 13.57 103.72 9.78 0.69
Verbal IQ 101.00 13.37 104.60 11.29 0.35
Performal IQ 105.88 15.81 103.00 15.39 0.56
Age 16.23 3.18 16.11 2.79 0.90
Autism Questionnaire (AQ)          
Participants 21.83 6.13 11.88 3.91 <0.001*
Parents about participant 30.34 7.57 11.74 5.69 <0.001*
Autism Diagnostic Interview (ADI-R)          
ADI-R A (10) 18.25 6.50      
ADI-R B (8) 15.70 5.54      
ADI-R C (3) 4.05 2.31      
ADI-R D (1) 2.65 1.35       
p-value = p - values indicate results for the independent t-test statistic. ADI-R (A) social interaction, (B) 
communication and language, (C) restricted and repetitive behaviour (D) age of onset criterium; ADI-R 
thresholds are shown in parentheses. Pearson chi-squared for group by gender was non-significant 
(value=.672, df=1, 2-sided asymptotic p=.412).
* statistically significant. 
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Image Data Acquisition
For each participant, we acquired MRI data at the Donders Institute for Brain, 
Cognition and Behaviour, Center for Cognitive Neuroimaging in Nijmegen, The 
Netherlands, using a 3 Tesla Magnetom TIM Trio (Siemens, Erlangen, Germany) with 
a 32-channel head coil. The entire scanning session lasted approximately 45 minutes. 
For each participant, we collected a T1-weighted whole-brain scan (magnetization-
prepared rapid acquisition with gradient echo [MPRAGE], TI=1100 ms, TR=2300 
ms, TE=3.03 ms, flip angle=8°, FOV=256x256x192 mm3, voxel size=1x1x1 mm3) and 
a resting-state scan using T2*-weighted dual-echo planar imaging (EPI, TR=2510 
ms, TE1=16 ms, TE2=36 ms, flip angle=83°, FOV=212x212x119 mm3, voxel size=2 
x 2 x 2.5 mm3, number of volumes=400, imaging bandwidth=1814 Hz/px, grappa 
acceleration factor=4). Note that the usage of dual-echo imaging provides optimal 
sensitivity for BOLD imaging in both subcortical structures such as the amygdala 
and the neocortex (Poser et al. 2006). Participants were instructed to lie still within 
the scanner with their eyes open during the resting-state scan, while staying awake 
and focusing on a small white cross presented at the center of a projection screen. 
The first 5 volumes (12.55 s) were discarded to reduce magnetization equilibration 
effects. Gradient echo field mapping data were also acquired with identical 
geometry to the EPI data for EPI off-resonance distortion correction (TR=1020 
ms, TE1=10 ms, TE2=12.46 ms, flip angle=90°, FOV=224x224x191 mm3, voxel 
size=3.5x3.5x2 mm3). All participants were able to familiarize themselves with 
scanner set-up and scanning procedure through rehearsal in a replicate (dummy) 
scanner before actual image acquisition. 
We recorded participants’ heartbeats using the scanner’s built-in 
photoplethysmograph, placed on the right index finger. Respiration was measured 
with a pneumatic belt positioned at the level of the abdomen. To reduce the 
potential effects that heartbeat and respiration have on resting-state BOLD 
correlation studies (Chang et al. 2013; Birn et al. 2008), we used cardiac and 
respiratory phase regressors, as well as other nuisance regressors in the fMRI time 
series analysis. 
Preprocessing
All image preprocessing and analyses were performed using FSL (FMRIB Software 
Library, http://fmrib.ox.ac.uk/fsl)(Smith et al. 2004). The following pre-statistical 
processes were applied to the fMRI data: non-brain removal using BET; rigid-
body motion correction using MCFLIRT; high-pass temporal filtering (Gaussian-
weighted least-squares fitting with frequency cutoff point=100 s); correction of 
off-resonance geometric distortions in the EPI data using PRELUDE and FUGUE, 
using B0 field maps derived from the dual-echo gradient echo dataset; artifact 
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removal based on probabilistic ICA (Independent Component Analysis) using 
MELODIC; spatial normalization to Montreal Neurological Institute (MNI152) 2 
mm isotropic atlas space using BBR (Boundary-Based-Registration) and FNIRT and 
Gaussian filtering (FWHM=6 mm; see Methods). The dual-echo images (TE=16 and 
TE=36) were combined by averaging both echo-times. We excluded 1 participant 
with ASD due to excessive head movement in terms of frame-wise displacement 
(Max. FD=8.7 mm, Mfd=.89 mm), resulting in 20 datasets from the ASD group and 
25 datasets from the control group for further analysis (Rausch et al. 2016). To 
rule out that differences in movement between the ASD and control group could 
contribute to the results, we calculated the mean value of frame-wise movement 
(i.e. the movement of one TR relative to previous TR) for each participant and 
compared it between the two groups. No group difference was found (Masd=.10, 
SDasd=.10; Mctrl=.07, SDctrl=0.42; t43=.312, p=.757).
Controlling for structured noise
Our preprocessing stream included several steps to limit the influence of structured 
noise, such as motion artifacts (Power et al. 2012), heartbeat (Chang et al. 2013), 
and respiration (Birn et al. 2008). First, we conducted manual ICA-based artifact 
removal (Rausch et al. 2016). The first author visually inspected all the independent 
component maps for each participant to identify noise components based on the 
spatial layout of the component maps and the power spectra of the associated 
time series (Kelly Jr et al. 2010). We applied non-aggressive denoising with FSL’s 
fsl_regfilt, i.e. only variance that was uniquely related to the components labeled 
as noise component (approx. 70 percent of components) was removed.
After ICA-based noise removal and further preprocessing, we conducted nuisance 
regression modeling the potential effect from motion and physiological noise 
on the resting-state fMRI data. Specifically, we included 6 rigid-body parameters 
and the eigenvariate of signals over the entire white matter and the CSF in our 
GLM. Moreover, we calculated 10 cardiac phase regressors, 10 respiratory phase 
regressors and 6 other nuisance regressors including heart rate fluctuation, heart 
rate variability, respiration raw data averaged per TR, respiratory amplitude in 9s 
window, respiratory frequency in 9s window and the frequency times amplitude 
of respiration (averaged per TR) that are derived from the RETROICOR method 
(Glover, Li, and Ress 2000). 
Defining cortical seed points
We first extracted the mean time series from a bilateral amygdala mask (using 
FWHM=1mm Gaussian filtered functional images for the amygdala) and calculated 
its correlations with every voxel in the rest of the brain (using FWHM=6 mm Gaussian 
filtered functional images for the whole brain) (Figure 1A). Different smoothing 
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kernels for the amygdala were used, because the width of the amygdala filter 
should be tailored to the parcel size between-group differences we expect to see 
(Rosenfeld 1976). The bilateral amygdala ROI was defined using probabilistic maps 
from the Harvard–Oxford Subcortical Structural Atlas available for FSL, limited to 
voxels that had 25% or greater probability of being labeled as the amygdala (left: 
3392 mm3, right: 3888 mm3). We then identified peak voxels from the 1-p statistical 
correlation map (p=.05) between the amygdala and areas within the boundaries 
of probabilistic vmPFC, lOFC and cACC maps within each hemisphere (Harvard–
Oxford Structural Atlas) and created a 3 mm cortical sphere around the resulting 
six coordinates (cACC=+/-2,-2,38; lOFC= +/- 40,28,-18; vmPFC= +/ -2,46,-18). We 
then combined the coordinates to create three bilateral seed regions (lOFC, 
vmPFC and cACC), known to be involved in adaptive social behaviour (Figure 1B). 
The definition of the cortical seed regions was based solely on the control group.
Figure 1. Spatial distribution of the three amygdalo-cortical networks from which 
cortical seed coordinates were defined and amygdala parcellation in controls. 
Panel A) shows the t statistics for the amygdalo-cortical activation map from lateral, medial and ventral 
view on an inflated brain. Panel B) shows the same from the coronal, saggital and axial view on a T1 
MNI152 2 mm template brain in radiologic convention in the upper section. The lower section shows the 
cortical seeds positioned in the cACC, lOFC and vmPFC (cACC=+/-2,-2,38; lOFC=+/- 40,28,-18; vmPFC=+/ 
-2,46,-18). Cortical seeds were defined based on the full correlation maps with the entire amygdala in 
the control group. Panel C) shows a visualization of the FC parcellation of the amygdala in the control 
group. Each voxel was assigned to the network with the maximum Z- value at the group-level. The left 
section shows the parcellation in 2D slices from two axes and the right section shows the parcellation 
using 3D rendering.
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Parcellation of the amygdala
We then parcellated the amygdala based on its FC with the three cortical seed 
regions. FSL’s SBCA was used to calculate the correlation between the mean 
time series of the voxels in each cortical seed and the time series of every voxel 
within the bilateral amygdala, corrected for the mean time series within the other 
two cortical seed regions. Thus, one single-subject partial correlation map of the 
amygdala for each hub within its network was obtained, which represented their 
unique connectivity with the amygdala. The partial correlation maps were r-to-Z 
transformed and each voxel was assigned to the network with the maximum 
Z-value. As a result, the amygdala was parcellated into three functional parcels: 
one parcel defined by maximal FC with the lOFC, one defined by maximal FC with 
the vmPFC, and one defined by maximal FC with cACC, which we will refer to as 
‘AOF’, ‘APF’, and ‘AAC’ parcels respectively (Figure 1C).
Functional amygdala network volume analysis
To test whether the volume of the amygdaloid parcels differed between diagnostic 
groups, we extracted the three parcel volumes per subject and conducted second-
level analysis in SPSS using ANCOVA (separate dependent variables: AOF, APF 
and AAC volume; fixed factors: diagnostic group; covariates: age and grey matter 
volume) (IBM Corp 2016). One participant was identified as an outlier using the 
standard definition of outliers as implemented in SPSS due to extreme values 
of the AAC parcel volume (NASD=19;NCtr=25; i.e., values outside of 1.5 times the 
interquartile range as implemented in SPSS 23 (IBM Corp 2016)) and excluded from 
the AAC parcel volume analysis, though removing this outlier did not change the 
statistical significance of the results. The data was normally distributed within the 
control and the ASD group (Shapiro-Wilk statistics: ASDAAC (df=19, p=.081); ASDAOF 
(df=20, p=.412); ASDAPF (df=20, p=.222); CTRAAC (df=25, p=.950); CTRAOF (df=25, 
p=.610); CTRAPF (df=25, p=.278)).
FC strength posthoc analysis
After assessing the FC volume of each parcel in ASD and controls, we examined 
the FC strength between the AOF, APF and AAC parcels with their corresponding 
cortical seeds in controls and ASD, which we will refer to as ‘FCAOF-lOFC’, ‘FCAPF-
vmPFC’ and ‘FCAAC-cACC’ strength respectively. To assess the direction of FC strength 
differences between both diagnostic groups, we extracted for each parcel the 
voxel-wise (Fisher r-to-Z transformed) partial correlations with their associated 
cortical target, and averaged these across all voxels in that parcel using SBCA 
(seed based correlation analysis (O’reilly et al. 2009)). As we want to investigate 
those voxels that drove the differences between the ASD and control group, and 
because we do not expect to find any differences in FC strength in regions that 
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belong to the same parcel in both groups, we used the average AOF, APF, and AAC 
parcels as defined within the control group as ROIs in this analysis. Note that the 
better parcel definition in controls as compared to the ASD group by itself might 
cause a bias towards higher FC strength in the control group. However, as the 
influence of neighboring parcels is regressed out using partial correlation analysis, 
and because our analysis approach therefore corrects for mixed signals between 
one parcel and its neighboring parcels in the ASD group, we thus corrected for the 
poorer parcel definition in the ASD group. Between-group comparison was carried 
out in SPSS using ANCOVA (separate dependent variables: The FCAOF-lOFC, FCAPF-
vmPFC and FCAAC-cACC strength; fixed factors: diagnostic group; covariates: age). Four 
participants were excluded in the FCAOF-lOFC strength analysis and one participant was 
excluded from the FCAPF-vmPFC strength due to extreme values ( FCAOF-lOFC  strength: 
NASD=19;NCtr=22; FCAPF-vmPFC strength: NASD=20;NCtr=24; i.e., according to the 1.5xIQR 
rule), though this did not change the statistical significance of the results. The 
data was normally distributed within the control and the ASD group (Shapiro-Wilk 
statistics: ASD FCAAC-cACC (df=20, p=.143); ASD FCAOF-lOFC (df=19, p=.808); ASD FCAPF-
vmPFC (df=20, p=.992); CTR FCAAC-cACC (df=25, p=.752); CTR FCAOF-lOFC (df=22, p=.879); 
CTR FCAPF-vmPFC (df=24, p=.538)).
Results
Connectivity-based parcellation of the amygdala in ASD versus controls
We first aimed to assess the functional architecture of the central hubs within 
the amygdala SBNs in ASD and controls. The amygdala was parcellated into three 
functional parcels (AOF, APF and AAC) based on its FC with each of the three cortical 
seeds (lOFC, vmPFC and cACC). Figure 1C shows the group-level parcellation for 
the controls, which corresponds well with the previous functional parcellation in 
healthy adults described by Bickart et al. (2012). The AAC, AOF and APF parcels 
yielded a mean (SD) volume across controls of 2031mm3 (879.3 mm3), 2108.8 mm3 
(883.4 mm3) and 3140.2 mm3 (1100 mm3) respectively. In the ASD group the mean 
parcel volume was 1576 mm3 (1244.2 mm3) in AAC, 3059.6 mm3 (1338.7 mm3) in 
AOF and 2454.8.6mm3 (1231 mm3) in APF. To verify that this functional parcellation 
is based on meaningful signals, we confirmed that all parcels in both groups 
yielded significant FC with the corresponding cortical seeds (all p<.001 for both 
groups). Note however that the significance of these functional connections is to 
be expected given that we defined the cortical seeds by selecting those cortical 
locations as seed areas based on significant connectivity with the entire amygdala.
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Figure 2. Amygdala parcel volume estimated marginal means analysis in ASD and 
controls. 
The AOF parcel (middle) was significantly (p=.008) increased in ASD (red) compared to controls (blue), 
while there was a non-significant trend of decreased APF (right) and AAC (left) parcels in ASD compared 
to controls. Error bars represent the standard error.
We then compared the volume of the parcels between the ASD group and controls 
for each parcel individually. We found a significant increase in AOF parcel volume 
in the ASD group (F1=7.842, p=.008; age and total grey matter volume corrected) 
and a trend toward decreased APF volume (F1=3.794, p=.058) and AAC volume 
(F1=1.990, p=.166) (Figure 2). 
Relationship between parcel volume and symptom severity
To investigate whether the larger AOF parcel in ASD is associated with ASD social 
symptoms and its severity, we conducted correlation analysis (corrected for age 
and total grey matter volume) between the volume of AOF parcel and the social 
skills subdomain of the AQ. We found that AOF volume predicted symptom severity 
in the social skills subdomain (r=.548, df=16, p=.009) of the ASD group. 
FC strength posthoc analysis within networks
To understand the underlying biological mechanism that drives the volume 
changes in the ASD group, we assessed their FC strength (‘FCAAC-cACC’, ‘FCAOF-lOFC’ and 
‘FCAPF-vmPFC’) in a posthoc analysis. Our functional volume parcellation approach is 
based on a winner-takes-all method, which assigned one amygdala voxel to one 
central hub within one SBN. Thus, with this method, we reveal a FC map that is 
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based on the strongest connectivity value with one SBN as compared to the other 
network hubs. By itself, this map does not contain information about the actual 
strength of connection with the winning SBN as it is based on the relative strength 
between networks within a diagnostic group. The FC strength measure, on the 
other hand, enables us to investigate whether the AOF volume group difference 
was driven by abnormalities (i.e. FC strength increases) originating directly within 
its corresponding social perception SBN, or whether the AOF volume group 
difference was driven by alterations (i.e. FC strength decreases) within one or both 
of the neighboring SBN’s. Therefore, we assessed whether the increase in volume 
of the AOF parcel could be the result of two different mechanisms: 1) increased 
FCAOF-lOFC strength in the ASD group, or 2) decreased FC strengths in one or two 
of the other networks hubs in the ASD group. To disambiguate which of these 
two is driving the AOF volume difference, we tested the direction of FC strength 
change for each SBN. The results show a decrease in FCAPF-vmPFC strength (F1=8.596, 
p=.005), but no between-group effects in FCAAC-cACC strength (F1 =2.022, p=.162) 
and FCAOF-lOFC strength (F1 =.170, p=.682) (Figure 3). These results indicate that the 
increase in volume of the AOF parcel originated from the APF parcel, because the 
FC strength between AOF and lOFC is constant between ASD and controls, while 
the FC strength between APF and vmPFC was lower for the ASD group compared 
with controls (Figure 3). 
Figure 3. FC strength per parcel in the ASD group and controls.
The FCAPF-vmPFC (right) FC strength was significantly decreased in ASD (red) compared to controls (blue), 
with a non-significant decrease in FCAAC-cACC (left) and increase in FCAOF-lOFC (middle) FC strength in ASD 
compared to controls. Error bars represent the standard error.
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Figure 4. Schematic overview of the three amygdala SBNs. 
The blue, yellow and red panels show the cortical seeds, FC strength parameters and amygdala parcel 
volume parameters per amygdala social brain network (SBN). Arrows indicate increases or decreases in 
FC within an SBN. In the ASD group, AOF parcel volume was increased in ASD, while FCAPF-vmPFC strength 
was reduced.
To investigate whether the reduced FCAPF-vmPFC strength in ASD is associated 
with ASD social symptoms and its severity, we conducted a correlation analysis 
(corrected for age) between the FCAPF-vmPFC strength and the social skills subdomain 
of the AQ, which was not significant (r=-.087, df=17, p=.362). Furthermore, 
though we only found a weak trend towards reduced FCAAC-cACC strength, the AOF 
parcel enlargements may in part relate to the marginally significant AAC parcel 
reductions. Therefore, the combined FCAPF-vmPFC and FCAAC-cACC strength might explain 
more variance of the social symptoms scores in ASD than the FCAPF-vmPFC strength 
alone. Thus, we assessed whether their combined FC strength could predict social 
AQ scores using linear regression analysis (corrected for age). The result was non-
significant (F3=2.082, p=.143). Figure 4 contains a schematic overview of the main 
results. 
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Discussion
We assessed the functional architecture of the amygdala in adolescents with 
ASD by parcellating the amygdala based on its functional connectivity with three 
cortical seeds (cACC, lOFC and vmPFC) that are anchored within known SBNs: the 
social avoidance network, the social perception network and the social affiliation 
network. Three functional parcels were created (AAC, AOF and APF) based on 
its FC with each of the three cortical seeds respectively. We found a significant 
enlargement of the AOF parcels in the ASD group, while there was a trend toward 
decreased volume of the other two parcels in ASD, especially of the APF parcel. We 
assessed the clinical relevance of our marker, and found that increased AOF parcel 
volume predicted impairments in social skills in the ASD group. In posthoc analysis, 
we found that the increase of the AOF parcel came at the cost of the APF parcel, as 
indicated by a decrease in FCAPF-vmPFC strength. 
Our results align well with and extend earlier findings showing that especially 
the lOFC and vmPFC amygdala SBNs predicted social outcome in a healthy 
control sample (Bickart et al. 2012). All three affective networks are associated 
with generating appropriate adaptive social behaviour and are known to work 
together closely (Bickart, Dickerson, and Barrett 2014). We show for the first time 
that ASD is associated with FC abnormalities of the lOFC and vmPFC amygdala 
pathways, which are the central hubs of social perception and social affiliation 
network functionality. The AOF parcel roughly corresponds to the ventrolateral 
subregion containing the laterobasal nucleus of the amygdala and the APF 
parcel to the medial subregion containing the superficial nucleus according to 
the probabilistic cytoarchitectonically defined Jülich atlas (Amunts et al. 2005), 
which are associated with perceptual input processing of the amygdala (Rausch 
et al. 2016). Although the AAC parcel roughly corresponds to the dorsal amygdala 
containing the centromedial amygdala nucleus, Figure 1C indicates hemispheric 
lateralization related to the AAC parcel. More specifically, the right AAC extends 
into the ventrolateral subregion, which has been assigned to the AOF parcel in 
the left hemisphere. The literature on lateralization effects on subregion level in 
the amygdala is however sparse, and it is therefore unclear what the functional 
implications of this lateralization effect are (Gorka et al. 2017; Gläscher and Adolphs 
2003; McMenamin and Marsolek 2013). The AAC did not show any group effects in 
the FC strength analysis or parcel volume in our study. Our findings therefore may 
be in line with an earlier study investigating abnormalities in three anatomically 
defined amygdala subdivisions (the laterobasal, superficial and centromedial 
nuclei) that implicated amygdala under-connectivity between the superficial and 
laterobasal nuclei and cortex (Rausch et al. 2016).
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Given the  inhibitory relationship between the vmPFC and the amygdala in the 
literature  (Motzkin et al. 2015), our findings of reduced  FCAPF-vmPFC  strength may 
point toward weaker inhibitory connections of the vmPFC amygdaloid circuit in 
ASD. Our posthoc FC strength analysis also demonstrates that a potential lack of 
inhibition from the vmPFC onto the amygdala in ASD is not linked to significantly 
increased FC strength of the lOFC amygdaloid network, because the FCAPF-
vmPFC  strength decrease was not accompanied by a significant increase in FCAOF-
lOFC strength. However, our results might indicate that a potential lack of inhibition 
from the vmPFC might be driving a weak -but not significant- increase of FCAOF-
lOFC strength in ASD, that is spanning a significantly larger area in the ASD group as 
compared to controls. Recent findings suggest that abnormalities in FC strength 
are rather characterized by a diffuse distribution of functional connectivity in 
ASD  (Hahamy, Behrmann, and Malach 2015). In other words, the autistic brain 
may have idiosyncratic FC patterns, which cannot be identified in terms of a 
“common spatial locus” of abnormal FC strength changes. Instead, the areas in 
which the FC abnormalities occur, might be characterized by different FC between 
ASD subjects, which might partially explain diffuse and widespread FC changes 
in ASD. This suggests that ASD is not a disorder of unique abnormal loci per se, 
but rather a problem of the functional specialization as compared to controls. 
Therefore, because our functional volume measures provide a quantification of FC 
that is independent of a “common spatial locus” of abnormal activation within the 
amygdala (yet tied to specific functionality), our functional volume measure might 
indicate that alterations of the social perception lOFC amygdala network,  are 
characterized by abnormal FC distribution. 
We also assessed how well our FC markers predict social skills based on the AQ 
social subdomain in the ASD group. Since the increase of the AOF volume may be a 
consequence of decreased FCAPF-vmPFC strength, the correlation between decreased 
FCAPF-vmPFC strength and social skills was tested, but was not significant. However, we 
were able to relate our findings of increased AOF volume to social skills. Because 
the increase in AOF volume appears to be a consequence of decreased FCAPF-
vmPFC strength, and because the AOF volume significantly predicted social skills in 
the ASD group, it might be surprising that we did not find significant negative 
relationships between social skills and the FC strength of the APF (and/or ACC) 
parcel(s). The most parsimonious explanation for this apparent inconsistency is that 
parcel volume and FC strength measure different things and that the first better 
probes the underlying pathology than the latter. A parcel’s volume is dependent 
on the number of voxels that exhibited maximum partial correlation with that 
parcel’s cortical target. Maximum partial correlation can be achieved by very small 
correlation differences, so for instance a relatively large parcel volume can be due 
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to having many voxels with very small correlation differences. As such, differences 
in parcel volume can be great while the difference in average FC strength is very 
small. In other words, parcel volume, though derived from FC strength estimates, 
does not have to follow the same pattern as the average FC strength. The fact that 
parcel volume better predicts social skills than average FC strength can further be 
taken to imply that the underlying pathology can be attributed to a large number 
of voxels (neurons) that exhibit an abnormal balance in terms of its connectivity 
with the three cortical targets with only subtle alterations in the strength of these 
connections. Therefore, our functional parcel volume approach may provide a 
sensitive alternative to standard thresholding techniques for capturing subtle 
functional changes in the architecture of FC in ASD.
Reduced amygdaloid vmPFC strength link our functional volume abnormalities to 
results showing under-connectivity patterns in ASD populations. As the vmPFC is 
part of the mentalizing or the theory of mind network, person perception, self-
knowledge (Amodio and Frith 2006) and the processing of pleasant outcomes like 
social and monetary rewards (Rademacher et al. 2010) our results align well with 
the idea that FC along the amygdala-vmPFC pathway might be altered in ASD. One 
study showed that the dorsal medial PFC is activated rather than the ventral medial 
PFC in ASD during a self-referential task, which suggests under-connectivity of the 
vmPFC in ASD (Schulte-Rüther et al. 2011). Another study found amygdalo-vmPFC 
under-connectivity when viewing sad faces in ASD (Swartz et al. 2013). Yet another 
study investigated oxytocin-induced activation, i.e. a crucial hormone in affective 
processing, in the vmPFC and pointed to an oxytocin-induced activation increase 
in the vmPFC and that this effect furthermore improved socio-communication 
difficulties in ASD (Aoki et al. 2015). Thus, our findings of decreased FCAPF-vmPFC 
strength are consistent with the known abnormalities along the amygdala-vmPFC 
pathway in ASD. 
The amygdala is known to be a complex subcortical structure with many efferent and 
afferent subcortical and cortical as well as intra amygdala connections. Therefore, 
investigating amygdala functional connections using the entire amygdala does 
not account for its complex underlying pathways. One more fine grained method 
to investigate abnormal amygdala functional connections is to parcellate the 
amygdala based on anatomical subregions within the amygdala (Ball et al. 2007; 
Rausch et al. 2016; Roy et al. 2009) to assess subregion specific abnormalities. This 
method is however restricted to predefined anatomical ROI’s based on healthy 
adult brains, which furthermore are associated to multiple functional pathways. In 
the current study, therefore we parcellated the amygdala into three functionally 
defined network parcels based on known amygdala SBNs within our own adolescent 
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sample. This way, we established functionally meaningful amygdaloid subregions 
in our control sample, which were used to characterize the functional connectivity 
within three important amygdala SBNs in controls and our ASD group. 
One potential limitation of our study is the use of a small homogenous sample. 
Our ASD sample does not include individuals with highly prevalent co-morbidities 
in ASD such as anxiety, depression or ADHD. No individuals with PDD-NOS were 
included in our sample. Therefore, our results only provide evidence for autistic 
core features. Although there was no trend towards group effects in FCAOF-lOFC (p 
= .682) or FCAAC-cACC (p = .162) strength, future work involving larger ASD samples 
may be able to stratify the FC of the SBNs according to age, gender, and symptoms 
(Murphy and Spooren 2012). In addition, in order to maximize sensitivity of social 
measures for predicting functional volume, AQ measures may be complemented 
with interview data (Vineland) and observational measurements (ADOS), which 
could not be included in the present work as they were deemed too demanding 
for the ASD group who had already been diagnosed at the time of the study. 
Our results demonstrate that functional amygdala parcellation based on its 
FC with three major amygdala SBNs is a sensitive measure for capturing the 
functional architecture of dysfunctional amygdalocortical pathways in ASD. Within 
the three SBNs that were investigated within this study, our results suggest that 
underconnectivity between amygdala and prefrontal vmPFC is driving abnormal 
functional interactions between the amygdala and other amygdala networks. 
By parcellating the amygdala functionally into volumes pathophysiological 
mechanisms along the amygdalo-prefrontal pathway could be linked to increasing 
symptom severity in ASD. 
Attachments
Ethical approval
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national research 
committee and with the 1964 Helsinki declaration and its later amendments or 
comparable ethical standards. This article does not contain any studies with 
animals performed by any of the authors. 
Informed consent
Informed consent was obtained from all individual participants included in the 
study.
Chapter 3
112
Funding
Wouter  B. Groen and Wei Zhang were funded by Hersenstichting Fellowship 
(F2010(1)-13) awarded to W.B.G. Annika Rausch and Jan K. Buitelaar received support 
from the European Community’s Seventh Framework Programme (FP7/2007-2013) 
under grant agreement number 278948 (TACTICS), and the Innovative Medicines 
Initiative Joint Undertaking under grant agreement number 115300 (EU-AIMS), 
resources of which are composed of financial contribution from the European 
Union’s Seventh Framework Programme (FP7/2007-2013) and the European 
Federation of Pharmaceutical Industries and Associations (EFPIA) companies’ in 
kind contribution. Christian F. Beckmann and Koen V. Haak are supported by the 
Netherlands Organisation for Scientific Research (NWO-Vidi 864-12-003 to C.F.B; 
NWO 016.Veni.171.068 to K.V.H) and further gratefully acknowledge funding from 
the Wellcome Trust UK Strategic Award [098369/Z/12/Z]. 
Acknowledgments
The authors would like to thank Marieke W.M. Kuiper for her assistance with the 
data collection and Erik van Oort, Maarten Mennes, Erno Hermans, Marcel Zwiers 
for their support during preprocessing. 
Financial Disclosure
Christian F. Beckmann is director and shareholder of SBGneuro Ltd. Jan K Buitelaar 
has been in the past 3 years a consultant to / member of advisory board of /and/
or speaker for Janssen Cilag BV, Eli Lilly, Lundbeck, Shire, Roche, Medice, Novartis, 
and Servier. He has received research support from Roche and Vifor. He is not 
an employee of any of these companies, and not a stock shareholder of any of 
these companies. He has no other financial or material support, including expert 
testimony, patents, royalties. Annika Rausch, Wei Zhang, Wouter B. Groen and 
Koen V. Haak declare that they have no competing interests. 
 
Intrinsic Functional Connectivity of the Social Brain Network in ASD 
113
3
References
American Psychiatric Association. 2000. Diagnostic and statistical manual of mental disorders: 
DSM-IV-TR® (American Psychiatric Publisher).
———. 2013. Diagnostic and statistical manual of mental disorders (DSM-5®) (American 
Psychiatric Pub).
Amodio, David M, and Chris D Frith. 2006. ‘Meeting of minds: the medial frontal cortex and 
social cognition’, Nature Reviews Neuroscience, 7: 268-77.
Amunts, Katrin, O Kedo, M Kindler, P Pieperhoff, H Mohlberg, NJ Shah, U Habel, F Schneider, 
and K Zilles. 2005. ‘Cytoarchitectonic mapping of the human amygdala, hippocampal 
region and entorhinal cortex: intersubject variability and probability maps’, Anatomy 
and embryology, 210: 343-52.
Aoki, Y, T Watanabe, O Abe, H Kuwabara, N Yahata, Y Takano, N Iwashiro, T Natsubori, 
H Takao, and Y Kawakubo. 2015. ‘Oxytocin’s neurochemical effects in the medial 
prefrontal cortex underlie recovery of task-specific brain activity in autism: a randomized 
controlled trial’, Molecular Psychiatry, 20: 447-53.
Ball, Tonio, Benjamin Rahm, Simon B Eickhoff, Andreas Schulze-Bonhage, Oliver Speck, 
and Isabella Mutschler. 2007. ‘Response properties of human amygdala subregions: 
evidence based on functional MRI combined with probabilistic anatomical maps’, PLoS 
One, 2: e307.
Baron-Cohen, Simon, Howard A Ring, Edward T Bullmore, Sally Wheelwright, Chris Ashwin, 
and Steve CR Williams. 2000. ‘The amygdala theory of autism’, Neuroscience and 
Biobehavioral Reviews, 24: 355-64.
Baron-Cohen, Simon, Sally Wheelwright, Richard Skinner, Joanne Martin, and Emma 
Clubley. 2001. ‘The autism-spectrum quotient (AQ): Evidence from asperger syndrome/
high-functioning autism, malesand females, scientists and mathematicians’, Journal of 
autism and developmental disorders, 31: 5-17.
Bellani, M, S Calderoni, F Muratori, and P Brambilla. 2013. ‘Brain anatomy of autism spectrum 
disorders II. Focus on amygdala’, Epidemiol. Psychiatr. Sci, 22: 309-12.
Bickart, Kevin C, Bradford C Dickerson, and Lisa Feldman Barrett. 2014. ‘The amygdala as a 
hub in brain networks that support social life’, Neuropsychologia, 63: 235-48.
Bickart, Kevin C, Mark C Hollenbeck, Lisa Feldman Barrett, and Bradford C Dickerson. 2012. 
‘Intrinsic amygdala–cortical functional connectivity predicts social network size in 
humans’, The Journal of Neuroscience, 32: 14729-41.
Bickart, Kevin C, Christopher I Wright, Rebecca J Dautoff, Bradford C Dickerson, and Lisa 
Feldman Barrett. 2010. ‘Amygdala volume and social network size in humans’, Nature 
Neuroscience, 14: 163-64.
Birn, Rasmus M, Monica A Smith, Tyler B Jones, and Peter A Bandettini. 2008. ‘The respiration 
response function: the temporal dynamics of fMRI signal fluctuations related to changes 
in respiration’, Neuroimage, 40: 644-54.
Chapter 3
114
Chang, Catie, Coraline D Metzger, Gary H Glover, Jeff H Duyn, Hans-Jochen Heinze, and 
Martin Walter. 2013. ‘Association between heart rate variability and fluctuations in 
resting-state functional connectivity’, Neuroimage, 68: 93-104.
Gläscher, Jan, and Ralph Adolphs. 2003. ‘Processing of the arousal of subliminal and 
supraliminal emotional stimuli by the human amygdala’, Journal of Neuroscience, 23: 
10274-82.
Glover, Gary H, Tie-Qiang Li, and David Ress. 2000. ‘Image-based method for retrospective 
correction of physiological motion effects in fMRI: RETROICOR’, Magnetic Resonance in 
Medicine, 44: 162-67.
Gorka, Adam X, Salvatore Torrisi, Alexander J Shackman, Christian Grillon, and Monique 
Ernst. 2017. ‘Intrinsic functional connectivity of the central nucleus of the amygdala 
and bed nucleus of the stria terminalis’, Neuroimage.
Green, Shulamite A, Jeffrey D Rudie, Natalie L Colich, Jeffrey J Wood, David Shirinyan, 
Leanna Hernandez, Nim Tottenham, Mirella Dapretto, and Susan Y Bookheimer. 
2013. ‘Overreactive brain responses to sensory stimuli in youth with autism spectrum 
disorders’, Journal of the American Academy of Child & Adolescent Psychiatry, 52: 1158-
72.
Hahamy, Avital, Marlene Behrmann, and Rafael Malach. 2015. ‘The idiosyncratic brain: 
distortion of spontaneous connectivity patterns in autism spectrum disorder’, Nature 
neuroscience, 18: 302.
Harms, Madeline B, Alex Martin, and Gregory L Wallace. 2010. ‘Facial emotion recognition 
in autism spectrum disorders: a review of behavioral and neuroimaging studies’, 
Neuropsychology Review, 20: 290-322.
IBM Corp. 2016. IBM SPSS Statistics 23 step by step: A simple guide and reference (Routledge).
Kelly Jr, Robert E, George S Alexopoulos, Zhishun Wang, Faith M Gunning, Christopher F 
Murphy, Sarah Shizuko Morimoto, Dora Kanellopoulos, Zhiru Jia, Kelvin O Lim, and 
Matthew J Hoptman. 2010. ‘Visual inspection of independent components: defining a 
procedure for artifact removal from fMRI data’, Journal of Neuroscience Methods, 189: 
233-45.
Kort, de W, M Schittekatte, EL Compaan, M Bosmans, N Bleichrodt, G Vermeir, WCM Resing, 
and P Verhaeghe. 2002. ‘Wisc-iii nl’, Handleiding. Nederlandse bewerking. London: The 
Psychological Corporation.
Lord, Catherine, Michael Rutter, and Ann Le Couteur. 1994. ‘Autism Diagnostic Interview-
Revised: a revised version of a diagnostic interview for caregivers of individuals with 
possible pervasive developmental disorders’, Journal of autism and developmental 
disorders, 24: 659-85.
McMenamin, Brenton W, and Chad J Marsolek. 2013. ‘Can theories of visual representation 
help to explain asymmetries in amygdala function?’, Cognitive, Affective, & Behavioral 
Neuroscience, 13: 211-24.
Intrinsic Functional Connectivity of the Social Brain Network in ASD 
115
3
Motzkin, Julian C, Carissa L Philippi, Richard C Wolf, Mustafa K Baskaya, and Michael Koenigs. 
2015. ‘Ventromedial prefrontal cortex is critical for the regulation of amygdala activity 
in humans’, Biological psychiatry, 77: 276-84.
Murphy, Declan, and Will Spooren. 2012. ‘EU-AIMS: a boost to autism research’, Nature 
reviews. Drug discovery, 11: 815.
O’reilly, Jill X, Christian F Beckmann, Valentina Tomassini, Narender Ramnani, and Heidi 
Johansen-Berg. 2009. ‘Distinct and overlapping functional zones in the cerebellum 
defined by resting state functional connectivity’, Cerebral Cortex, 20: 953-65.
Oldfield, Richard C. 1971. ‘The assessment and analysis of handedness: the Edinburgh 
inventory’, Neuropsychologia, 9: 97-113.
Phelps, Elizabeth A, and Joseph E LeDoux. 2005. ‘Contributions of the amygdala to emotion 
processing: from animal models to human behavior’, Neuron, 48: 175.
Poser, Benedikt A, Maarten J Versluis, Johannes M Hoogduin, and David G Norris. 2006. 
‘BOLD contrast sensitivity enhancement and artifact reduction with multiecho EPI: 
parallel-acquired inhomogeneity-desensitized fMRI’, Magnetic Resonance in Medicine, 
55: 1227-35.
Power, Jonathan D, Kelly A Barnes, Abraham Z Snyder, Bradley L Schlaggar, and Steven E 
Petersen. 2012. ‘Spurious but systematic correlations in functional connectivity MRI 
networks arise from subject motion’, Neuroimage, 59: 2142-54.
Rademacher, Lena, Sören Krach, Gregor Kohls, Arda Irmak, Gerhard Gründer, and Katja N 
Spreckelmeyer. 2010. ‘Dissociation of neural networks for anticipation and consumption 
of monetary and social rewards’, Neuroimage, 49: 3276-85.
Rausch, Annika, Wei Zhang, Koen V Haak, Maarten Mennes, Erno J Hermans, Erik van Oort, 
Guido van Wingen, Christian F Beckmann, Jan K Buitelaar, and Wouter B Groen. 2016. 
‘Altered functional connectivity of the amygdaloid input nuclei in adolescents and 
young adults with autism spectrum disorder: a resting state fMRI study’, Molecular 
autism, 7: 13.
Rosenfeld, Azriel. 1976. Digital picture processing (Academic press).
Roy, Amy Krain, Zarrar Shehzad, Daniel S Margulies, AM Clare Kelly, Lucina Q Uddin, Kristin 
Gotimer, Bharat B Biswal, F Xavier Castellanos, and Michael P Milham. 2009. ‘Functional 
connectivity of the human amygdala using resting state fMRI’, Neuroimage, 45: 614-26.
Schulte-Rüther, Martin, Ellen Greimel, Hans J Markowitsch, Inge Kamp-Becker, Helmut 
Remschmidt, Gereon R Fink, and Martina Piefke. 2011. ‘Dysfunctions in brain networks 
supporting empathy: an fMRI study in adults with autism spectrum disorders’, Social 
Neuroscience, 6: 1-21.
Smith, Stephen M, Mark Jenkinson, Mark W Woolrich, Christian F Beckmann, Timothy EJ 
Behrens, Heidi Johansen-Berg, Peter R Bannister, Marilena De Luca, Ivana Drobnjak, 
and David E Flitney. 2004. ‘Advances in functional and structural MR image analysis and 
implementation as FSL’, Neuroimage, 23: S208-S19.
Chapter 3
116
Swartz, Johnna R, Jillian Lee Wiggins, Melisa Carrasco, Catherine Lord, and Christopher 
S Monk. 2013. ‘Amygdala habituation and prefrontal functional connectivity in youth 
with autism spectrum disorders’, Journal of the American Academy of Child & Adolescent 
Psychiatry, 52: 84-93.
Wechsler, D. 2000. ‘WAIS-III Nederlandstalige bewerking: Afname-en scoringshandleiding 
[WAIS-III Dutch version: User manual]’.
Intrinsic Functional Connectivity of the Social Brain Network in ASD 
117
3

PART TWO
 Intrinsic functional connectivity  
of the Thalamus in ASD
In preparation as:
Annika Rausch1,MSc Mariska Reinartz1,MSc, Christian F. Beckmann1,2,3,5,PhD, Jan K. 
Buitelaar1,4,5,MD PhD, Wouter B. Groen4,5, MD PhD,  Koen V. Haak1,2,5, PhD
4
CHAPTER 4.
Increased functional connectivity of the 
prefrontal thalamic nucleus predicts repetitive 
behaviour in adolescents with ASD
4
Chapter 4
122
Abstract
The thalamus maintains connections throughout the brain and its dysfunction 
has been associated with autism. As previous research identified functional 
thalamocortical connectivity alterations in ASD, the current study aims to specify 
these findings down to the level of four thalamic subregions. Resting-state fMRI 
scans were acquired in 20 adolescents with ASD and 25 matched controls. Unique 
functional connectivity (FC) for each of the four thalamic subregions was calculated 
within the entire extent of one of the cortical divisions with which it yielded the 
highest probability of being structurally connected to according to the Oxford 
Thalamic Connectivity Probability Atlas, i.e. a thalamic subregion atlas that was 
based on the white matter fiber tractography connections between the thalamus 
and major cortical divisions. We first show that each subregions of the thalamus 
maintains significant connections with their associated cortical lobe in ASD and 
controls. Importantly, the FC strength comparison yielded higher FC strength 
between the right prefrontal thalamic nucleus (TPF) and the right ventromedial 
prefrontal cortex (CvmPFC) in ASD. This neuronal marker predicted the severity of 
repetitive and stereotypic behaviour in ASD. Our findings are the first to support 
a thalamic involvement in higher-order processes in ASD with hyperconnectivity 
from the right prefrontal thalamic nucleus to the right ventromedial prefrontal 
cortex.
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Introduction
Autism Spectrum Disorders (ASD) are a group of neurodevelopmental disorders 
characterized by severe impairments of reciprocal social interaction, verbal and 
nonverbal communication, repetitive and stereotyped behaviours and abnormal 
sensory processes (American Psychiatric Association 2000, 2013). In the context of 
abnormal sensory processes, one important structure to explore is the thalamus. 
The thalamus is a central relay station of the brain as it distributes all incoming 
stimuli throughout the entire brain (Woodward ND et al. 2016) and functions as 
an early stage information processing unit for various sensory modalities, such as 
vision, audition, touch, as well as motor processing (Sherman 2007). The thalamus 
is not limited to the relay of sensory and motor information, but also regulates 
information processing from the cerebellum via the thalamus to the frontal cortex 
(Rogers et al. 2011) and is thus involved in multiple higher-order processes such as 
decision making and learning (Mitchell 2015b; Parnaudeau, Bolkan, and Kellendonk 
2018). In the current study, we aimed to identify altered thalamic functional 
connections on the subregion level with the rest of the brain in adolescents with 
ASD using a novel approach.
Thalamic functions, such as decision making, learning and the integration of 
sensory information are processes that are known to be impaired in ASD. Thus, 
the thalamus might play a crucial role in many sensory information processes as 
well as executive functioning abnormalities in ASD. In line with this theory, earlier 
research investigated bilateral thalamocortical connections in ASD in response to 
a visuomotor task and observed increased activation mainly in the left insular and 
the frontal operculum and decreased activation mainly in temporal cortex (Mizuno, 
Villalobos, Davies, Dahl, and Müller 2006). However, whole bilateral thalamus 
seeds were used, which compromises the spatial resolution within the thalamus, 
as the thalamus can be divided into multiple subregions with distinct afferent and 
efferent pathways throughout the cortex. Furthermore, the task-based paradigm 
does not show the underlying intrinsic functional or structural connectivity pattern 
between the thalamus and the cortex. The work of Nair et al. (2013) describes 
the intrinsic thalamic subregion involvement in more detail. As five major cortical 
lobes were shown to maintain connections with one primarily associated thalamic 
subregion, the projections from each cortical lobe roughly correspond with five 
underlying anatomical thalamic subregions (Behrens, Johansen-Berg, Woolrich, 
Smith, Wheeler-Kingshott, Boulby, Barker, Sillery, Sheehan, and Ciccarelli 2003; 
Zhang et al. 2008). This way, reduced white matter fiber integrity from all 5 major 
cortical lobes was identified within the thalamus in individuals with ASD  (Nair et al. 
2013). Next, they simultaneously confirmed that reduced functional connectivity 
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(FC) in ASD using resting-state fMRI data overlapped with the reduced structural 
integrity from a white matter fiber analysis, with the exception that functional 
connections between the temporal lobe and the thalamus were increased. This 
study focused on the identification of abnormal regions within the whole thalamus 
based on their intrinsic connectivity with large anatomically defined cortical seed 
regions (e.g. the cortex was subdivided into five cortical lobes). Later, this work 
was extended by investigating multiple specific thalamocortical pathways using 
numerous cortical seeds in order to identify abnormal thalamic connections 
(Nair et al. 2015). The results revealed more complex abnormal thalamocortical 
connectivity patterns in ASD with both increased and decreased connectivity 
depending on the exact cortical location of each seed. Many regions showed 
convergence between functional connectivity and probabilistic fiber tracking, 
although there were differences along the thalamic-frontal pathway, suggesting a 
link between functional overconnectivity and apparent reductions in white matter 
fiber integrity. These results underline the need to preserve specificity in both the 
cortex as well as the thalamus. As this approach is however strongly hypothesis 
driven, one has to define a strong a priori hypothesis to define each cortical seed. 
Woodward et al. (2017) used a more data-driven approach and derived connectivity-
based thalamic parcels from their functional connectivity with five cortical lobes. 
Abnormal thalamocortical FC was then investigated between each thalamic parcel 
and the rest of the brain in the large ABIDE neuroimaging cohort (Di Martino et al. 
2014). The thalamic parcels were defined based on the winner takes all method, 
which assigns each thalamic voxel to the cortical area with the highest FC strength. 
This approach bears the opportunity to identify precisely which cortical areas might 
show altered connectivity with its associated functionally defined thalamic parcel in 
a data-driven way. This way they identified hyperconnectivity from the PFC, motor, 
temporal lobe, and posterior parietal thalamic parcels across the brain, but overall 
the hyperconnectivity patterns converged in the temporal cortex. One downside 
of this method is that bilateral connectivity-based parcels might not represent 
the underlying functional architecture of the thalamus very well, especially when 
the underlying FC strength changes dynamically across age or between diagnostic 
groups. An associated issue is that functional parcels in case-control studies are 
based on either control parcels, or the ASD group parcels or combination of both. 
However, any of these parcel definitions might lead to biases in the subsequent FC 
strength measures towards either increased or decreased FC strength patterns in 
ASD that need to be discussed and accounted for in great detail. Woodward et al. 
2018 also parcelated the thalamus bilaterally, presumably because lateralization 
effects have often been ignored in the thalamus, but recent research suggests 
that the thalamus shows lateralization effects (Coghill, Gilron, and Iadarola 2001) 
and that these might be relevant in ASD (Say et al. 2014). In sum, previous methods 
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always had to deal with a trade-off in relation to the spatial specificity in either 
the cortex or the thalamus: either high spatial specificity was maintained within 
the thalamus, but at the same time the cortical area under investigation had a 
low spatial resolution, or vice versa. Therefore, here, we used a novel approach in 
which we investigated the unilateral FC abnormalities in each of the four thalamic 
subregions and the entire extent of its ipsilateral corresponding cortical lobe. 
As prior work revealed that all of the major cortical lobes can be linked to altered 
structural integrity and altered FC within the thalamus, here, we aim to delineate 
1) which of the anatomically defined thalamic subregions might show abnormal FC 
strength patterns with their associated cortical regions in our adolescent sample 
and 2) identify which cortical structures within their associated cortical lobes show 
abnormal FC strength in ASD. In a second step, we explored whether ASD symptom 
scores derived from the Autism Quotient (AQ) and the Autism Diagnostic Interview 
(ADI) were related to abnormal FC of the thalamic subregions. 
Methods
Participants
Twenty-one individuals with ASD, recruited through Karakter, Child and Adolescent 
Psychiatry University Center, Nijmegen, and twenty-five typically developing (TD) 
participants with an intelligence quotient (IQ) of 80 or higher were included for 
the study. IQ was established using the Wechsler Intelligence Scale for Children 
III (WISC-III) and the Wechsler Adult Intelligence Scale III (WAIS-III) for participants 
younger than 18 and for participants older than 18, respectively. Participants 
were excluded if they had psychiatric co-morbidities or neurological conditions, 
including Attention Deficit Hyperactivity Disorder (ADHD), depressive disorder, 
history of traumatic brain injury, epilepsy, or schizophrenia. For this, they were 
screened using the Children Behaviour Check List (CBCL; <18 years) and the Adult 
Behaviour Check List (ABCL; >18 years). 
Controls were matched to the ASD participants on age, gender, handedness 
and verbal, performance, and full-scale IQ scores (Table 1). The ASD diagnosis 
was established using the Autism Diagnosis Interview-Revised (ADI-R) (data 
not shown), and all participants with ASD met the DSM-IV criteria for autistic 
disorder (American Psychiatric Association 2000). Besides this, the short version 
of Edinburgh Handedness Inventory was used to determine which hand was 
dominant in daily activities (Oldfield 1971). There was no significant difference 
in handedness between the two groups (p = 0.17). In addition, all participants and 
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their parents completed the autism spectrum quotient (AQ) about themselves or 
their child, respectively. The AQ contains 50 questions, consisting of 10 questions 
assessing 5 different areas: social skill, attention switching, imagination, attention 
to detail and communication. It is utilized as a measure of the degree to which 
an individual with normal intelligence has autistic traits (Baron-Cohen et al. 2001; 
Baron-Cohen et al. 2006; Woodbury-Smith et al. 2005). None of the participants 
took medications at the time of the study.
Both the regional ethical committee and Karakter’s review board approved the 
study. Verbal and written informed consent was obtained from the participants. All 
participants practiced the MRI procedure in a replica scanner, to become familiar 
with the set-up and the scanning procedure.
MRI data acquisition
The magnetic resonance imaging (MRI) data were collected on a 3 Tesla scanner 
(Siemens, Erlangen, Germany) at the Donders Institute for Brain, Cognition and 
Behaviour, Centre for Cognitive Neuroimaging in Nijmegen, The Netherlands, 
with a 32-channel head coil. For each participant, a T1-weighted whole-brain scan 
(MPRAGE; TI (inversion time) = 1100 ms, TR (repetition time) = 2300 ms, TE (echo 
time) = 3.03 ms, flip angle = 8°, FOV (field of view) = 256 x 256 x 192 mm, voxel 
size = 1 x 1 x 1 mm) and a resting state scan using T2*-weighted dual-echo planar 
imaging (EPI; TR = 2510 ms, TE1 = 16 ms, TE2 = 36 ms, flip angle = 83, FOV = 212 
x 212 x 119 mm, voxel size = 2 x 2 x 2 mm) were collected. For EPI off-resonance 
distortion correction, gradient echo field mapping data were obtained (TR = 1020 
ms, TE1 = 10 ms, TE2 = 12.46 ms, flip angle = 90, FOV = 224 x 224 x 191 mm, voxel 
size = 3.5 x 3.5 x 2 mm). 
Physiological measures of heartbeat and respiration (Chang C et al. 2013; Birn 
et al. 2008a) were recorded during the scan procedure. In the fMRI time series 
analysis, we used cardiac and respiratory phase regressors as well as other nuisance 
regressors. This is to reduce the effect of heartbeat and respiration on the resting 
state scans. 
Preprocessing
We used FSL (FMRIB Software Library) for both experiments for the preprocessing 
and the analysis of the images (Smith et al. 2004). For non-brain tissue removal, 
the Brain Extraction tool (BET) was used, followed by rigid body motion correction 
using MCFLIRT. For low frequency artefact removal, high-pass temporal filtering 
was applied (frequency cut-off point = 100 s). Off-resonance geometric distortions 
in EPI data were corrected using PRELUDE and FUGUE. Artefacts were removed 
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based on Independent Component Analysis (ICA), using MELODIC, and the images 
were spatially normalized to Montreal Neurological Institute (MNI) 2 mm isotropic 
atlas space using boundary-based registration (BBR). We applied FNIRT and 
smoothing with a Gaussian kernel of 6 mm (full-width half-maximum) to the data. 
To rule out that there are group differences in head motion, we calculated the 
mean framewise displacement for each subject (i.e. the movement of one volume 
relative to a previous volume). When comparing the values between ASD and 
controls, no group difference was found (MASD=.10, SDASD=.10; MCTR=.07, SDCTR=0.42; 
t43=.312, p=.757).
Controlling for structural noise
Our preprocessing stream included several steps to limit the influence of 
structured noise, such as motion artefacts (Power et al. 2012), heartbeat (Chang 
et al. 2013), and respiration (Birn et al. 2008b). First, we conducted manual ICA-
based artefact removal (Rausch et al. 2018; Rausch et al. 2016).The first author 
(AR) visually inspected all the independent component maps for each participant 
to identify noise components based on the spatial layout of the component 
maps and the power spectra of the associated time-series (Kelly Jr et al. 2010). 
We applied non-aggressive denoising with FSL’s fsl_regfilt, i.e. only variance that 
was uniquely related to the components labeled as noise component (approx. 70 
percent of components) was removed. 
After ICA-based noise removal and further preprocessing, we conducted nuisance 
regression modeling the potential effect from motion and physiological noise on 
the resting-state fMRI data. Specifically, we included six rigid-body parameters 
and the eigenvariate of signals over the entire white matter and the CSF in our 
GLM. Moreover, we calculated ten cardiac phase regressors, ten respiratory phase 
regressors and six other nuisance regressors including heart rate fluctuation, heart 
rate variability, respiration raw data averaged per TR, respiratory amplitude in 9s 
window, respiratory frequency in 9s window and the frequency times amplitude 
of respiration (averaged per TR) that are derived from the RETROICOR method 
(Glover, Li, and Ress 2000). 
Region of interest (ROI) selection
Each thalamic subregion has distinct afferent and efferent connections with cortical 
areas (Johansen-Berg et al. 2005). Johansen-Berg et al. (2005) defined seven distinct 
subregions of the thalamus as implemented in the Oxford Thalamic Connectivity 
Probability Atlas in FSL: prefrontal, occipital, temporal, posterior parietal, sensory, 
primary motor and pre-motor (Johansen-Berg et al. 2005). We followed Zhang 
and colleagues (2007) who combined the occipital and parietal subregion when 
Chapter 4
128
investigating intrinsic thalamocortical functional connectivity (Zhang et al. 2008). 
They also combined the pre-motor and primary motor subregion. However, as the 
sensory, primary motor and pre-motor subregion all fall within the same resting-
state network (Damoiseaux et al. 2006), we assume that all three thalamocortical 
pathways share a considerable amount of functional overlap. Another reason to 
combine all three subregions is that their corresponding cortical areas individually 
differ considerably in size compared to the other cortical lobes. In order to ensure 
that the corresponding cortical search volumes were approximately equal, we 
thus used the pre-frontal and temporal subregions and combined the occipital 
and posterior parietal (parietooccipital) as well as the sensory, primary motor and 
pre-motor subregions. This way we created one subregion for each of the four 
major cortical lobes (Figure 1). The prefrontal subregion projects mainly to the 
prefrontal cortex (Behrens, Johansen-Berg, Woolrich, Smith, Wheeler-Kingshott, 
Boulby, Barker, Sillery, Sheehan, Ciccarelli, et al. 2003) and is involved in many 
cognitive processes, including memory, decision making and executive functions 
(Rinaldi, Perrodin, and Markram 2008; Mitchell and Chakraborty 2013; Mitchell 
2015a). Our sensorimotor subregion contains the ventral posterior nucleus, 
which projects to the somatosensory area in the post central gyrus (Cheon et al. 
2011). The sensory subregion is involved in processing of sensory information. 
It also contains the ventral lateral and ventral anterior nuclei, which are part of 
the primary and pre-motor subregion of the thalamus and project to the primary 
motor cortex and pre-motor cortex (Behrens, Johansen-Berg, Woolrich, Smith, 
Wheeler-Kingshott, Boulby, Barker, Sillery, Sheehan, Ciccarelli, et al. 2003). Thus 
they facilitate the processing of motor signals and movement (Woodward ND 
et al. 2016). Our parietal-occipital subregion consists of fibers from the lateral 
geniculate nucleus that maintain connections to the primary visual cortex in the 
occipital lobe (Wakana et al. 2004) and the lateral posterior nucleus which projects 
to the posterior parietal cortex (Behrens, Johansen-Berg, Woolrich, Smith, 
Wheeler-Kingshott, Boulby, Barker, Sillery, Sheehan, Ciccarelli, et al. 2003). Both 
structures facilitate a function in processing of visual information (Raczkowski and 
Rosenquist 1983; Kastner et al. 2004; Mizuno, Villalobos, Davies, Dahl, and Muller 
2006). Our temporal subregion is comprised of the mediodorsal nucleus, which is 
reciprocally connected to the prefrontal cortex (PFC)  (Tanaka Jr 1976; Tobias 1975) 
and to temporal regions including the temporal pole (Markowitsch et al. 1985), 
olfactory cortex (Yarita et al. 1980)  and amygdala (Russchen, Amaral, and Price 
1987). We included only voxels with an equal to or a larger than 55% probability 
mask to avoid overlap between the subregions. 
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Figure 1. Anatomically defi ned thalamic regions of interest and the cortical seeds. 
A. Oxford Thalamic Connectivity Probability masks of the thalamic subregions in 2D slices (left) and 
3D rendering (right). Blue areas represent the prefrontal thalamic ROI (TPF), green areas the temporal 
ROI (TTE), yellow areas the parietal-occipital ROI (TOP) and red areas the sensory, primary motor and 
pre-motor ROI (TSM). The areas indicate the ≥55% subregion probability masks that were used for 
seed-based correlation analysis. B. Cortical ROI generated from MNI structural atlas shown with their 
associated Thalamic ROI as 3D rendering in the right hemisphere (left) and from a rotated view for both 
hemispheres (right). Blue areas indicate the frontal lobe (CPF), green areas depict the temporal lobe 
(CTE), and yellow areas indicate the parietal-occipital lobe (COP) and the red areas depict the sensory, 
primary motor and pre-motor lobes (CSM).
Statistical analysis
We carried out fi rst level analysis using FSL’s seed-based correlation analysis 
(SBCA) (O’Reilly et al. 2010) to calculate the full-correlations between four thalamic 
subregions (prefrontal (TPF), temporal (TTE), parietal-occipital (TOP) and sensory, 
primary motor and pre-motor (TSM)) and their associated cortical lobes separately 
in resting-state fMRI data. To calculate the unilateral FC between the average 
time series of the voxels in one ROI (one of the four thalamus subregions) and 
the time series of every voxel of the associated cortical lobe. Within this analysis 
we can enter spatially smoothed data for the whole brain (Gaussian kernel with 
FWHM=6mm) and spatially unsmoothed data for the thalamic subregions. Second 
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level analysis was performed using FSL’s Randomise tool (Nichols and Holmes 2002), 
correcting for age and gender. The participant demographics (age, IQ, gender) of 
the two groups were statistically compared using analysis of variance (ANOVA) in 
SPSS 23 (Table 1).
 
  ASD Control ASD≠Control
  [M=19;F=1] [M=22;F=3]  
  Mean(+-SD) Mean(+-SD) p
Age 15.4(3.1) 16.1(2.7) 0.39
IQ Performance 101(13.4) 103.7(11.4) 0.48
IQ Verbal 105.9(15.8) 103.8(15.4) 0.67
IQ Total 102.3(13.6) 103.8(9.8) 0.66
AQ Parent 30.1(7.6) 11.6(5.6) < .001*
AQ Self 22.7(6.1) 12.4(4.1) < .001*
ADI-A* 18.3(6.5) . .
ADI-B* 15.7(5.5) . .
ADI-C* 4.1(2.3) . .
ADI-D* 2.7(1.4) . .
Table 1. Subject demographics. p values indicate results for the independent t-test 
statistic. 
Autism Diagnostic Interview (ADI-A) social interaction, (ADI-B) communication and language, (ADI-C) 
restricted and repetitive behaviour (ADI-D) age of onset criterium; ADI-R thresholds are shown in 
parentheses. Autism Questionnaire (AQ) Self) self-report, Parent) parent-report about participant; IQ 
tests used were the Wechsler Intelligence Scale -III for Children - and the Wechsler Adult Intelligence 
Scale –III. Pearson χ2 for Group*Gender was non-significant (value = 0.672, df = 1, 2-sided asymptotic 
p = 0.412).
Results
Subregion specific connectivity
To map the FC strength between the thalamic subregions and their corresponding 
cortical lobes, we created full correlation maps between each thalamic subregion 
and its associated lobe unilaterally, i.e. for both the left and the right thalamic 
subregions separately in controls (Figure 2) and our ASD group.
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Figure 2. FC Full Correlation Activation Maps in controls between Thalamic ROI and 
their associated Cortical ROI. 
The left panel shows a graphical representation of the full correlation analysis between the cortical 
ROI and their associated cortical lobes. Each row demonstrates the FC strength analysis and the 
resulting t statistical (t-threshold: min positive =2.3, max positive=10, min negative=-10, max 
negative=-2.3) image per thalamic-cortical ROI FC strength analysis. The first row shows the activation 
maps of the occipital-parietal TOP-COP pathway, the second row shows the activation maps of the 
sensory, primary motor and pre-motor TSM-CSM pathway, the third row shows the activation maps of 
the temporal TTE-CTE pathway and the fourth row shows the activation maps of the prefrontal TPF-CPF 
pathway. Only few voxels survived the negative activation threshold. 
We found similar significant activation patterns in all four cortical lobes in the ASD 
group. However, the resulting clusters in the ASD group were larger. In addition, 
the right prefrontal subregion showed a large cluster in the medial frontal cortex 
(12,40,-4; p<0.001) in the ASD group, which appeared absent in controls. Overall, 
the main effects confirmed significant correlations between all four subcortical 
thalamic subregions and their associated cortical lobes in controls and in the ASD 
group. 
Difference between ASD and controls
We identified increased FC strength along the right prefrontal thalamic nucleus 
(TPF) and the right ventromedial prefrontal cortex (CvmPFC) in 20 ASD participants as 
compared to 25 matched controls (Figure 3). This effect was robust when correcting 
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for both age and gender (p=0.0472), or for age only (p=0.0352). The effect also 
remained at the same prefrontal region when we removed the four female 
participants and corrected for age effects (p=0.024). In this condition, another 
small cluster reached the FWE corrected threshold (p=0.0426) at the frontal pole. 
This effect was however not unique to the males only condition, since the same 
frontal pole cluster was marginally significant in the age corrected condition in 
which both males and females were present (p=0.0618). There were no significant 
between-group differences in the parietal-occipital, temporal, sensorimotor and 
pre-motor subregions.
Figure 3. Area of enhanced functional connectivity (FC) strength in ASD. 
The arrow is pointing to the significantly (p<0.05) enhanced FC strength in the ventromedial prefrontal 
cortex of the TPF-CPF network. 
Relationship with symptom severity
To investigate whether the altered connectivity  reflects  a particular aspect of the 
ASD phenotype, we wished to determine which of the five AQ subdomain scores 
or the three relevant ADI subdomains correlate with altered prefrontal thalamic 
FC strength. Correlations were calculated between symptom severity (in each of 
the five AQ subdomains separately and then separately for each of the three ADI 
subdomains) and abnormal FC strength in the ASD group. Specifically, we extracted 
the mean time-series within the TPF mask and the CvmPFC mask, i.e. the cortical area 
within which the increased FC strength was identified. After we calculated the 
correlations between both ROI’s and applied an r-to-Z transformation, which we 
will refer to TPF-CvmPFC FC strength, we correlated the resulting z-values with each 
of the five AQ subdomains separately correcting for age, AQ version (adolescent 
version: 12-15 years; adult version: 16+ years) and gender. None of the AQ 
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subdomains correlated significantly with TPF-CvmPFC FC strength. We furthermore 
correlated TPF-CvmPFC FC strength with the three major ASD symptom domains 
using the ADI-R (social interaction subdomain, language and communication 
subdomain and repetitive and stereotypic behaviour subdomain) correcting for 
age and gender. Our results indicated that the repetitive and stereotypic behaviour 
subdomain correlates significantly with TPF-CvmPFC FC strength (one-tailed: df=16, 
r=.523, p=0.013 (Bonferroni corrected p=0.039)). Note that we applied one-
tailed significance thresholding, as we expected  that increased symptom scores 
accompanied the increase in FC strength in ASD. 
Discussion
In the present study, we investigated thalamocortical FC strength between four 
major thalamic subregions and their associated cortical lobes using resting-
state fMRI data in a homogeneous sample of adolescents with ASD and typically 
developing controls. Our analysis confirmed significant cortical activation in each 
of the four thalamic subregions in the ASD group and controls. We tested between-
group effects in each subregion separately, and found that FC strength between 
the right prefrontal thalamic subregion and the right vmPFC was higher in the 
ASD group. In order to investigate whether the altered connectivity relates to a 
particular aspect of ASD, we investigated which of the ASD symptom subdomains 
might correlate with the altered prefrontal thalamic FC strength measure and 
uncovered its significant relationship  with the repetitive and stereotypic behaviour 
subdomain within our ASD group. 
Our TPF seed was based on a prefrontal thalamic subregion definition using 
FSL’s Oxford Thalamic Connectivity Probability Atlas and comes closest to the 
anatomical definition of the mediodorsal thalamic subregion (MD). Ouhaz, 
Fleming, and Mitchell (2018) argued in a recent review that investigating the MD 
and prefrontal cortex connections in ASD might reveal interesting insights into 
the neurobiology of ASD. The MD-prefrontal pathway was found to influence a 
wide range of executive functions in monkeys, such as everyday tasks involving 
rapid updating (e.g., while learning something new, making decisions, or planning 
the next move), i.e. tasks that are difficult for individuals with ASD. In line with 
this hypothesis, another review on developmental thalamocortical connections 
between the MD and the prefrontal cortex hypothesized that impaired synaptic 
pruning as revealed by an ASD mice model (Tang et al. 2014), might be linked to 
an overactive thalamocortical drive to the PFC (Ferguson and Gao 2015). They also 
argue that it is therefore critical to disentangle the nature of MD-PFC connections 
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in ASD. The present results are the first to provide evidence for this hypothesis in 
humans with ASD because they indicate that the functional thalamic prefrontal 
pathway might indeed innervate overactive connections in adolescents with ASD 
and specifically trace back to abnormalities in the vmPFC. 
The finding that repetitive and stereotypic behaviour was linked to increased 
prefrontal thalamic-vmPFC FC strength in ASD is in line with previous research in 
rats which showed that disruption of the MD and vmPFC resulted in impairments of 
delayed alternation (Vicedomini, Corwin, and Nonneman 1982). Delayed alternation 
requires the subject to alternate their responses in order to gain a reward, which is 
thought to affect the cognitive inflexibility seen in ASD. Thalamic involvement has 
often been speculated to be involved in sensory processing abnormalities in ASD, 
which in turn has been associated with repetitive and stereotypic behaviour (Lewis 
et al. 2007). Turner (1999) showed that sensory processing abnormalities are 
linked to two types of repetitive and stereotypic behaviour: 1) lower-order motor 
actions that are characterized by repetition of movement and manifest themselves 
as stereotyped movements and repetitive manipulation of objects, and 2) higher-
order symptoms that fall within the category of rigidity and inflexibility, which 
manifests in insistence on sameness, compulsions and restricted interests (see 
Lewis and Kim (2009) for a review). Interestingly, the thalamus has been forwarded 
as a key structure in a amygdaloid-hippocampal-striatal-thalamic-frontal brain 
hub in which social behaviour increases when repetitive behaviour is attenuated 
in ASD and vice versa (Kim, Lim, and Kaang 2016). It is difficult to categorise 
the conclusions of Kim and colleagues in terms of higher-order or lower-order 
sensory processes using animal models. However, they successfully displayed 
social-repetitive behaviour interactions in mice, which in humans are complex 
mechanisms. Thus, their work provides further evidence of higher-order sensory 
processing abnormalities in ASD. As we showed that abnormal thalamic frontal 
FC strength in ASD was correlated with repetitive and stereotypic behaviour, 
and given that our prefrontal thalamic – vmPFC pathway may be associated with 
higher-order processing abnormalities, our findings may promote a framework in 
which repetitive behaviour relates closely to social behaviour. We were however 
not able to link our thalamic marker to the social subdomain of the AQ or ADI 
scores directly, which was not a consequence of our conservative Bonferroni 
correction approach, because none of non-significant scores was significant 
before Bonferroni correction. Nevertheless, supplementary PCA analysis indicates 
that Bonferroni correction would have been too conservative. Derived by the knee 
method, correction for multiple comparisons was indeed not necessary in the AQ 
or ADI symptom correlation analyses (ADI: explained variance of first component 
80%, knee after 1 component; AQ: explained variance of the first component 52%, 
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knee after first component). Thus, given previous research that implicates that 
the prefrontal thalamic (or MD) subregion association with the vmPFC (or PFC) 
is associated with cognitive control and repetitive behaviour, the neural thalamic 
marker in this study may underlie repetitive behavioural symptoms in ASD. Our 
findings indicate that a thalamic involvement in ASD extend to higher-order 
processing abnormalities within the repetitive behavioural behaviour domain, but 
future research needs to investigate its association to the social domain in ASD 
further.
According to the higher-order and lower-order sensory processing framework, the 
lower-order sensory processing thalamic pathway may in theory correlate with our 
combined sensory, pre-motor and primary motor subregion. As subjects within our 
ASD sample were diagnosed and included based on DSM-4 criteria (in which sensory 
issues such as hypersensitivity or hyposensitivity were not part of the diagnostic 
criteria yet), the number of subjects with sensory issues within our sample may be 
underrepresented. In fact, our ASD subjects have not only been sampled based on 
ASD “core symptom” domains as implemented in the DSM-4, i.e. social interaction, 
communication or stereotypic behavioural deficits, but comorbid disorders and a 
lack of symptoms in the repetitive behaviour domain (like in PDD-NOS) formed an 
explicit exclusion criterion. Therefore, our ASD sample is homogenous with respect 
to the “core autistic symptoms”, whereas the number of ASD subjects with sensory 
processing abnormalities might be low. Thus, a diagnostic sampling bias might in 
part explain the lack of abnormal FC strength along the sensory thalamocortical 
pathways in our ASD group. 
Wass (2011) describes in his review the weak central coherence theory, i.e. 
a theory in which a central core process may be responsible for multimodal 
information integration abnormalities in ASD, and compares it with the large-
scale underconnectivity theory (Just et al. 2004). Large-scale underconnectivity 
is different from “abnormal core information processing”, because large-scale 
underconnectivity might be the consequence of disconnection among wide ranges 
of brain areas. Others added to this account, that large-scale connections or long-
distance hypoconnectivity is accompanied by local hyperconnectivity in ASD 
(Belmonte et al. 2004; Courchesne and Pierce 2005). As it remains however difficult 
to place our own thalamocortical FC pathway in either of these frameworks, our 
results might map well onto the subcortical-cortical framework as described by 
Mizuno, Villalobos, Davies, Dahl, and Müller (2006). They found thalamocortical 
overconnectivity in response to a visual saccades paradigm in ASD and argued “that 
subcortico-cortical connectivity may be hyperfunctional, potentially compensating 
for reduced cortico-cortical connectivity.”
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Our approach poses an alternative to the previous connectivity-based thalamic 
parcellation methods as described by Zhang et al. (2008), which has previously been 
applied to investigate thalamocortical connectivity in ASD (Woodward et al. 2017). 
The previous connectivity-based parcellation method utilizes the winner takes all 
approach that assigns each thalamic voxel to the cortical area with the highest 
FC in that voxel. This means that each thalamic parcel is based on the relative 
FC strength from one cortical parcel with all other cortical parcels and does not 
contain information on the actual underlying FC strength between the parcels and 
the cortex (Rausch et al. 2018). Thus, within this approach it may be possible that 
one cortical area won from another cortical area in the thalamus in the study of 
Woodward et al. (2017)  because the other cortical areas primarily show negative 
connections. As these parcels are therefore especially sensitive to slight inter-
cortical changes across groups, using such parcels as seed regions for subsequent 
thalamocortical FC strength analysis in the cortex based on either the control 
group maps, or the ASD group maps or a mixture of both might bias the resulting 
FC strength comparison between both group towards increased FC strength or 
decreased FC strength in ASD. Note that we may assume that the resulting parcels 
are different between the ASD and control group as thalamocortical functional 
activations were shown to be different between both groups within the thalamus 
(Nair et al. 2015; Nair et al. 2013; Woodward et al. 2017). Therefore, our thalamic 
subregion seeds used in this study were based on the probabilistic maps of the 
Oxford Thalamic Connectivity Probability Atlas as implemented in FSL. The seven 
distinct thalamic subregions in this atlas were segmented according to their 
white-matter connectivity to cortical areas using white matter diffusion tensor 
images. As all thalamic grey matter subregions are estimated based on white 
matter diffusion images, it is unknown how accurately our subregions defined 
the underlying anatomical grey matter structure of each subregion. However, 
we ensured specificity of the thalamocortical activation patterns by 1) limiting 
the thalamocortical FC analysis for each subregion to its known cortical area, 2) 
preventing overlap between the thalamic subregions, and 3) obtaining significant 
cortical activation for each thalamic subregion in the expected cortical target area. 
Thus, we demonstrate that our current approach might be a good alternative to 
previous thalamocortical FC strength parcellation method in ASD that preserves 
a sufficient amount of sensitivity to capture subtle thalamocortical FC strength 
abnormalities in small sample sizes.   
Although our effects were robust when correcting for age and gender effects, given 
the developmental nature of the prefrontal thalamic prefrontal cortex functional 
connections, future research should put or robust results in developmental 
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perspective and investigate a wide range of subjects across different age groups 
in ASD.
Conclusion
Our results are in line with earlier findings that delineated thalamocortical 
abnormalities in ASD. Our findings are the first to support a thalamic involvement 
in higher order processes in ASD with hyperconnectivity from the right prefrontal 
thalamic nucleus to the right ventromedial prefrontal cortex, which was a sensitive 
neural marker for the prediction of the severity of repetitive and stereotypic 
behaviour in ASD. 
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Abstract
The thalamus maintains connections throughout the brain and its dysfunction has 
been associated with Autism Spectrum Disorders (ASD). However, robust neural 
markers for abnormal thalamic involvement in ASD are lacking. In a previous study 
in a small adolescent male sample we observed hyperconnectivity between the 
right prefrontal thalamic nucleus and the right ventromedial prefrontal cortex (TPF-
CvmPFC FC strength). Here, we aimed to replicate this effect in a large heterogeneous 
sample. We extracted the mean time series of both regions of interest and 
calculated its correlations in resting-state fMRI scans of 15 neuroimaging cohorts 
with a total sample size of N=707 individuals with ASD and N=679 controls. In 
line with previous findings, a permutation test on FC strength group differences 
confirmed significantly higher TPF-CvmPFC FC strength in ASD than in controls, using a 
linear mixed effects model permutation test with study-site as random factor and 
age and gender as covariate. The between group effect was more pronounced but 
yet less significant, when repeating the analysis with a sub-selection of adolescent 
boys that match the characteristics of the discovery sample (12-23y, males only). 
Furthermore, within the ASD group higher TPF-CvmPFC FC strength was associated 
with lower repetitive and stereotypic behaviour (RRB). This suggests that the 
thalamic-PFC hyperconnectivity marker may reflect a compensatory mechanism in 
ASD. Our study is the first to provide reproducible evidence of higher prefrontal 
thalamic-vmPFC FC strength in ASD and links this effect to RRB symptom severity.
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Introduction
Autism Spectrum Disorders (ASD) are a group of neurodevelopmental disorders 
characterized by severe impairments of reciprocal social interaction, verbal and 
nonverbal communication, repetitive and stereotyped behaviours and abnormal 
sensory processes (American Psychiatric Association 2000, 2013). In the context of 
abnormal sensory processes, one important structure to explore is the thalamus. 
The thalamus is a central relay station of the brain as it distributes all incoming 
stimuli throughout the entire brain (Woodward ND et al. 2016) and functions as 
an early stage information processing unit for various sensory modalities, such as 
vision, audition, touch, as well as motor processing (Sherman 2007). In addition, 
the thalamus also regulates information processing from the cerebellum via 
the thalamus to the frontal cortex (Rogers et al. 2011) and is thus involved in 
multiple higher-order processes such as decision making and learning (Mitchell 
2015b; Parnaudeau, Bolkan, and Kellendonk 2018). These are crucial functions 
that are impaired in ASD. Therefore, the thalamus might play an important role in 
alterations of information processing in ASD.
Abnormal thalamic-cortical FC strength has been traced down to all major thalamic 
subregions in ASD according to a few prior reports that investigated thalamic 
subregion FC in ASD  (Mizuno, Villalobos, Davies, Dahl, and Müller 2006; Nair et 
al. 2015; Nair et al. 2013; Woodward et al. 2017). However, these findings mostly 
point towards a crucial role in the functional connections between the temporal 
thalamic subregion and temporal lobe. These studies also accumulated evidence for 
abnormal functional connections between the prefrontal thalamic subregion (TPF) 
and the prefrontal cortex (PFC) in ASD. Additional support for this notion comes 
from two sources. First, a recent review of Ferguson and Gao (2015), hypothesized 
that the mediodorsal thalamic subregion (MD) (which shows great overlap with the 
prefrontal thalamic nucleus) innervates an overactive drive to the PFC in ASD. Their 
hypothesis was based on evidence from an ASD mice model that showed impaired 
synaptic pruning in the PFC in ASD (Tang et al. 2014). Ferguson and Gao argued 
that such impaired synaptic pruning in the PFC may be the consequence of MD-
PFC hyperconnectivity in ASD. Second, our findings in chapter 4 were the first to 
narrow prefrontal thalamic hyperconnectivity patterns down to the ventromedial 
prefrontal cortex (vmPFC) in a group of human adolescent boys in ASD. Given that 
the theoretical support for this effect is based on animal literature and a small 
adolescent human cohort, we aimed to confirm the hyperconnectivity patterns 
between the PFT and the vmPFC across multiple cohorts using a permutation 
method. 
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We were also able to link the hyperconnectivity patterns in TPF-CvmPFC FC strength 
to higher repetitive and stereotypic behaviour (RRB) symptom severity in ASD in 
chapter 4. We argued that thalamic FC strength was likely associated with RRB 
symptom severity, because the thalamus is thought to be involved in sensory 
processing abnormalities in ASD, which in turn has been associated with repetitive 
and stereotypic behaviour (Lewis et al. 2007). Our previous findings are also in line 
with research in healthy rats which demonstrated that the disruption of the MD 
and vmPFC resulted in impaired cognitive flexibility using a delayed alternation 
task (Vicedomini, Corwin, and Nonneman 1982). Delayed alternation requires the 
subject to alternate their responses in order to gain a reward, which may be related 
to the cognitive inflexibility seen in ASD. There is however one inconsistency 
between their results and our previous results. One would intuitively expect that 
the disruption of the MD and vmPFC may lead to lower functional connectivity 
between both structures. Since higher impairments in delayed alternation were 
linked to the disruption of MD and vmPFC, one could argue that lower FC strength 
between both structures should be associated with higher RRB symptom severity 
in ASD. We however identified that TPF-CvmPFC hyperconnectivity in ASD – and not 
underconnectivity – leads to higher RRB symptom severity. In the current study, 
we therefore investigated the RRB- TPF-CvmPFC FC strength relationship across a 
larger and more diverse sample. 
Another relevant question is related to gender and age effects in TPF-CvmPFC 
hyperconnectivity in ASD. Previous neuroimaging research in healthy humans 
indicates age and gender dependent effects in the thalamus, showing higher 
striatal DAT radiotracer binding in the female thalamus than in males and 
indicated an overall age dependent decline (Koch et al. 2014). Another study 
showed reproducible findings of higher grey matter density and higher functional 
connectivity density in females than in males (Tomasi and Volkow 2012). These 
effects in healthy subjects propose that gender and developmental effects play a 
crucial role in the thalamic connectivity patterns. Therefore, in the current study, 
we adopted a conservative approach and corrected for the linear effects of age 
and gender throughout all analyses.
In addition to correcting for age and gender in our models, we also subsampled 
our dataset into two samples that were entered into separate main experiments in 
order to delineate how much our TPF-CvmPFC group effects might benefit from such 
subsampling. In the first experiment, we analyzed the whole range of subjects 
across all age ranges and genders in one experiment, which we will refer to as 
the “generalization sample”. This approach assumes that the hyperconnectivity 
patterns are generalizable across a wide range of subjects, and are not influenced 
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strongly by non-linear developmental and gender effects. In the second experiment 
we limited the analysis to a subsample of adolescent boys. This approach assumes 
that our effect might alternatively be very specific to adolescent boys, because 
the effect was identified in an adolescent male subsample. 
There are two different methodological reasons why such subsampling might 
have an additional positive impact on the group effect on top of correcting for 
age and gender effects. One reason is concerned with the power of the model to 
detect an effect and the other is concerned with the reduction in variance, which 
might also facilitate the identification of an effect. For instance, as sample size 
may increase the power to detect TPF-CvmPFC FC hyperconnectivity in ASD, our model 
in the large generalization sample would predict our group effect better than the 
smaller adolescent sample. This, however, assumes that there are no non-linear 
effects of age and gender on our group effect. Note that it would, in theory, still 
be possible that non-linear effects exert an influence on our thalamic effect, which 
we cannot account for by correcting for age and gender alone. Therefore, in case 
that age and gender do exert a non-linear effect on TPF-CvmPFC FC hyperconnectivity, 
the benefits from reducing the variance of these factors by selecting adolescent 
males only might outperform the losses in power. Thus, we aimed to delineate 
which of our subsamples might predict TPF-CvmPFC FC hyperconnectivity better and 
simultaneously provide a methodical explanation for our findings.
In sum, we first aimed to replicate the findings of thalamic hyperconnectivity 
across all subjects across the entire age range and including females in order to 
investigate whether the ASD thalamic hyperconnectivity is a generalizable effect. 
We then subsampled our data based on the sample characteristics of the discovery 
sample (males only, 12-23 years), because the thalamic effect may alternatively 
be more pronounced in adolescent boys than across the general ASD population. 
As previous work established a link between abnormally increased prefrontal 
thalamic- vmPFC FC strength and the repetitive stereotypic behaviour phenotype 
in ASD, we additionally aimed to assess this relationship in our ASD sample further. 
Methods
Image acquisition and datasets
The EU-AIMS LEAP and ABIDE 1 datasets contain resting-state fMRI data from 
individuals with ASD and healthy controls. The EU-AIMS LEAP study is a large well 
characterized multi-center cohort with a common protocol across sites (Charman 
et al. 2017; Loth et al. 2017; for more information about the EU-AIMS project data 
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see https://www.eu-aims.eu). Centers were matched regarding the percentage of 
female subjects (27%-34%), the age range studied (7-30 years), scanning protocols 
and standard operating protocols. The number of neuroimaging volumes and the 
types of 3 Tesla scanners differed between sites (Table 1). The Autism Brain Imaging 
Data Exchange (ABIDE) initiative has aggregated existing resting-state brain 
imaging data collected from laboratories around the world. During the time of the 
study, only the data from ABIDE 1 – the first of the two large-scale collections – 
 was available and where included in this study. Due to the use of different study 
rotocols, ABIDE 1 sequence parameters for anatomical and functional data, as well 
as type of scanner varied across sites, though all data were collected with 3 Tesla 
scanners (Table 1). Details regarding data acquisition for each sample have been 
provided on  the ABIDE website (http://fcon_1000.projects.nitrc.org/indi/abide). Note 
that we only included those ten ABIDE 1 samples (age range: 6-58 years) that had 
minimally the same number of subjects as in our discovery sample from chapter 
4, i.e. 20 ASD subjects and 25 control subjects. In order to include as many sites as 
possible that would reach this criterion, datasets that were acquired in the same 
center and with the same image acquisition parameters were considered to be 
sufficiently similar and were combined into one dataset. Thus Leuven 1 and 2, 
UCLA 1 and 2 and UM 1 and 2 were combined into Leuven, UCLA and UM. Full IQ 
scores were lacking in the entire Leuven 2 sample and in one additional subject 
from the UCLA 1 dataset. Therefore, in these subjects, we estimated the full 
IQ score from the mean of the verbal and performance scores and excluded six 
subjects where additionally either the performance or verbal IQ score was missing. 
However, these six subjects were only excluded in our first analysis of the methods 
section, in which the effects of full IQ, mean framewise displacement (mean FWD), 
age and gender were tested on our FC strength marker (N=1380).
Other exclusion criteria were brain anomalies, mean FWD >=0.5 mm, empty 
resting-state images within the frontal ROI mask due to low brain coverage, and 
intellectual disability. All remaining 1386 subjects were entered into the first main 
experiment in the generalization sample (NCTR=679, NASD=707) across all subjects. 
For a second experiment, only those subjects were included that matched the 
sample characteristics of the discovery sample (age 12-22, almost only boys) with 
regard to gender and age. Thus, 656 adolescent boys between 12 and below 23 
were subsampled from the overall sample (NCTR=304, NASD=352). 
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Region of interest selection
In our previous research, we identified abnormally increased FC strength between 
ASD and controls, corrected for age and gender effects, in an area around the 
ventromedial prefrontal cortex (abnormal cluster peak in mm coordinates: 
x=10,y=54,z=0). This effect was associated with the thalamic prefrontal subregion 
in subjects from the age of 12 onwards and below 23 years. In the current study, 
we extracted two time series for each subject in five EUAIMS LEAP and ten ABIDE 1 
datasets between the age of 6 and 58, i.e. (1) the mean time series of the abnormal 
right prefrontal thalamic subregion, and (2) the mean time series of the abnormal 
cortical group effect cluster in the right vmPFC as identified in previous research. 
In ABIDE 1 spatially unfiltered data were used in the right TPF and a 6mm filter 
was used for right CvmPFC, which overlaps with the spatial filtering paradigm in the 
discovery sample from previous research. We however realize that there are many 
practical restrictions imposed on any efforts to preprocess datasets as uniformly 
as possible in multi-cohort studies, because the best spatial filtering paradigm 
would usually also depend on the individual voxel size and image quality of the 
resting-state scans of each neuroimaging cohort. Therefore, ideally, our group 
effects should not be affected by the exact spatial filtering paradigm. Although 
we are aware of the fact that a considerable amount of noise might be induced by 
using two different smoothing paradigms for the EUAIMS LEAP data and the ABIDE 
1 data, we ultimately wish to determine whether our previous thalamic effects 
are robust across a wide range of study paradigms. As the EUAIMS LEAP data has 
only been made available with 6mm spatial smoothing following a consortium 
wide standard preprocessing protocol, 6mm Gaussian spatially filtered data were 
used for both ROI’s in the EUAIMS LEAP dataset. We then calculated the r-to-Z 
transformed correlations between the two extracted time series for each subject, 
which will be referred to as TPF-CvmPFC FC strength. 
Statistical analysis
To identify which of the available confounders should be included into the 
between-group effect analysis, we fitted a model using the lme function from 
the R package nlme with the main effects of mean framewise displacement 
(FWD) and IQ scores (N=1380; six subjects were removed from this analysis due 
to missing IQ scores). As IQ scores and mean FWD where not shown to predict TPF-
CvmPFC FC strength (generalization sample: N=1380, IQ: p=0.27, mean FWD: p=0.39; 
adolescent sample with girls: N 827, IQ: p=0.76, mean FWD: p=0.33), we did not 
include these factors in the subsequent analyses. As expected, the factors age and 
gender were also not found to be significant (generalization sample: N=1380, age: 
p=0.84, gender: p=0.98; adolescent sample with girls: N 827, age: p=0.74, gender: 
p=0.38). However, because of the strong theoretical support for age and gender 
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effects from the literature and because it is good practice to include these factors, 
they were included in the following analyses. It should also be noted that we 
did not investigate any interaction terms, because analysis for multi-collinearity 
using the vif function from the R package car illustrated high variance inflation 
factors when two- and three-way interaction patterns were part of our linear 
mixed effects models (group:36.3, age:8.2, sex:14.4, group*age:41.7, group*sex: 
44.8, age*sex:20.9, group*age*sex:48.8). Variance inflation was not an issue 
when we limited our model design to main effects (group:1.0, age:1.0, sex:1.0). 
Values around 1 indicate low variance inflation due to multi-collinearity of the 
factors, while factors with a value that is substantially higher than 1, indicates a 
great amount of multi-collinearity between the factors and may thus involuntarily 
facilitate overfitting the model.  
Group effect
In the first main experiment, a linear mixed effects model was fitted (outcome 
variable: TPF-CvmPFC FC strength; predictors: group, age, gender; random effects: 
site; N=1386) to investigate the between group effect in TPF-CvmPFC FC strength 
between the ASD and control group using the lme function of the R package nlme. 
We then applied permutation testing, because we found that four ASD groups 
and two control groups in our 15 cohorts were not normally distributed according 
to the shapiro test statistic using the shaprio.test function as implemented in 
the standard distribution of R. The null distribution for the permutation method 
was generated by fitting the linear mixed model (outcome variable: TPF-CvmPFC FC 
strength; predictors: shuffled group labels, age, gender; random effects: site) 
10,000 times with randomly assigned group labels. The factors age and gender 
were kept constant, which means that our random null distribution is only 
reflecting random variance of the factor group. Since earlier research identified 
hyperconnectivity in TPF-CvmPFC FC strength, our permutation test results were 
evaluated with one sided p-values. 
In the second main experiment, we repeated the analysis in adolescent boys 
(N=656) in order to evaluate whether our group effect is generalizable or may be 
limited to adolescent boy as the effect has been discovered in a sample containing 
mostly adolescent boys. We thus subsampled subjects between 12 and 22 years 
for this replication sample. We also excluded girls, as there was only one girl in the 
gender and age corrected ASD group of the discovery sample and three girls in the 
control sample. Consequentially, the factor gender was removed from the linear 
model approach in the adolescent male subsample.
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Relationship with RRB symptom severity
Previous research in adolescent boys demonstrated that increased right TPF-CvmPFC 
FC strength predicted increased repetitive stereotypic behaviour (RRB) symptom 
severity in ASD. To follow previous work, we investigated whether our TPF-CvmPFC FC 
strength marker is also related to the repetitive stereotypic ASD phenotype in 
the current samples. We aimed to predict TPF-CvmPFC FC strength by the repetitive 
stereotypic behaviour (RRB) ADI-C subdomain scores of the ADI-R corrected for 
age and gender by fitting a linear mixed effects model using the lmer function from 
the lme4 R package. Given that the ADI-C score is a discrete variable, our results 
are based on a dimensional analysis approach, i.e. an approach where TPF-CvmPFC FC 
strength is predicted using a discrete scale of ASD symptom severity instead of a 
categorical predictor variable such as diagnostic group. The results were similar 
when repeating the linear mixed effects model analysis using another similar R 
function (lme function from the nlme R package). Note that we will always refer 
to relationships between ASD symptom severity and the TPF-CvmPFC  FC strength 
marker within the ASD group in this study, because the ADI-R measure has only 
been acquired in ASD subjects. Four subjects had extreme ADI scores above 20 
(extreme upper ADI threshold was based on three times the inter quantile range 
plus the upper quantile), while the rest of the adolescent male sample (N=274) 
was in a range between 0-13. Removing these extreme values did not change the 
significance level of our results. The analysis was applied across all subjects of the 
generalization sample (outcome measure: TPF-CvmPFC  FC strength; random effect: 
site, predictors: ADI score, age, sex) and was repeated in adolescent boys (outcome 
measure: TPF-CvmPFC FC strength; random effect: site, predictors: ADI score, age).
Results
Group effect
In experiment one, figure 5 shows a histogram of the null distribution of 10,000 
random permutations for the linear mixed effects model group estimate on TPF-
CvmPFC FC strength corrected for age and gender and with site as random factor. The 
grey bins illustrate the number of random permutations in which the randomly 
generated group estimate did not exceed (or was equal to) the true group estimate, 
whereas the black area shows the number of cases that did exceed the true group 
estimate by chance. The one-sided p-value confirmed higher TPF-CvmPFC FC strength 
in ASD (NASD=707, NTD=679; group estimate=0.28, one-sided p=0.0376). 
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Figure 1. The figure shows a histogram of the null distribution for 10,000 random 
permutations in the generalization sample. 
The grey bins indicate the amount of random permutations that generated lower group effects 
between the ASD group and controls on TPF-CvmPFC FC strength than the true group effect. The black bins 
show the number of random permutations that generated higher group effects for the between group 
comparison by chance. The vertical black line depicts the group effect. Based on this null distribution, 
our true group effect was significant (one-sided p=0.0376).
In experiment two, we then investigated to what extent our results would shift 
when repeating the analysis in adolescent boys. We found similar results as in the 
generalization sample, with a higher estimate for the factor group, but our results 
did not reach the one-sided significance threshold (NCTR=304, NASD=352; group 
estimate= 0.35, one-sided p=0.0719) (see Figure 2). The random null distribution 
of the adolescent male sample has longer tails and is flatter as compared to the 
random null distribution of the generalization sample.
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Figure 2. The figure shows a histogram of the null distribution for 10,000 random 
permutations in adolescent boys only. 
The grey bins indicate the amount of random permutations that generated lower group effects 
between the ASD group and controls on TPF-CvmPFC FC strength than the true group effect. The black bins 
show the number of random permutations that generated higher group effects for the between group 
comparison by chance. The vertical black line depicts the group effect. Based on this null distribution, 
our true group effect was not significant (one-sided p=0.0719).
Relationship with RRB symptom severity
ADI score predicted TPF-CvmPFC FC strength significantly in the generalization sample 
and in adolescent boys (Using nlme package: generalization sample: N=564; 
χ2(df=1)=8.1, p=0.004; adolescent boys: N=274:  χ2(df=1)=4.228, p=0.040; Using 
lme4 package: generalization samples: N=564: χ2(df=1)=8.255, p=0.004; adolescent 
boys: N=274:  χ2(df=1)=4.688, p=0.030). None of the covariates showed significant 
effects. When the analysis was repeated adding the ADI-B (communication) and 
ADI-A (social) subdomain scores as predictors in the linear mixed effects models, 
we confirmed that the ADI-C was still the only of the three subdomains that 
predicted TPF-CvmPFC FC strength significantly like in the discovery sample (Using 
lme4 package: generalization sample: p=0.0496, adolescent boys: p=0.0343). 
Including the ADI-B and ADI-A scores reduced the significance of the ADI-C as 
predictor in the generalization sample to a great extent, which might point to a 
high amount of shared variance between social, communicative and restricted 
repetitive behaviour as predictors for TPF-CvmPFC FC strength. However, none of the 
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other two domain scores predicted TPF-CvmPFC FC strength when omitting the ADI-C 
(RRB) from the model, which indicates that the shared variance between all three 
subdomain scores does not cause the ADI-B and ADI-A score to be non-significant.
Figure 3. Scatterplot showing the relationship between TPF-CvmPFC FC strength and the 
repetitive stereotypic behaviour subdomain of the ADI-R in the overall generalization 
sample (left plot) and in adolescent boys (right plot). 
The model fit was created using the lmer package.  
Discussion
In the present study, we aimed to replicate higher FC strength in ASD between the 
prefrontal thalamic subregion and the vmPFC, i.e. an effect that was identified in a 
sample with mainly adolescent boys (chapter 4). Here, we extended these findings 
and delineated the between-group effects across a wide range of subjects using 
resting-state fMRI scans from 15 neuroimaging cohorts. As our multi-cohort sample 
had unequal sample sizes and non-normally distributed data, we implemented a 
permutation method to evaluate the between-group effect from the model fit 
of a linear mixed effects model. Our analysis was conducted across all subjects 
in a what we referred to as generalization sample, and confirmed that higher 
TPF-CvmPFC FC strength in ASD as compared to controls might be a generalizable 
effect. When the analysis was repeated in a smaller subset of the dataset, which 
was limited to adolescent boys, our between-group effects were similar and even 
more pronounced as compared to the generalization sample, but did not reach 
the significance threshold due to the flatter distribution with wider tails of the 
underlying random null distribution. Crucially, the TPF-CvmPFC FC strength within 
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the ASD sample showed a negative relationship with repetitive and stereotypic 
behaviour (RRB) in both the generalization sample and in adolescent boys. 
This suggests that TPF-CvmPFC FC strength hyperconnectivity in ASD might be a 
compensatory mechanism. 
The current study extended earlier work in chapter 4 which investigated abnormal 
thalamic FC strength between four major thalamic subregions and their associated 
cortical lobes in an adolescent ASD sample. That study was the first to link altered 
thalamic FC in ASD to hyperconnectivity between the right prefrontal thalamic 
subregion and a small area within the prefrontal cortex, i.e. the right vmPFC. 
Some additional evidence for a prefrontal thalamic involvement in ASD was 
accumulated from other reports in human neuroimaging studies (Mizuno et al. 
2006; Nair et al. 2015; Nair et al. 2013; Woodward et al. 2017). Furthermore, TPF-
CvmPFC hyperconnectivity was in line with a previous review from a more mechanistic 
perspective, which argued that hyperconnectivity along the prefrontal thalamic-
PFC pathway may be associated with impaired synaptic pruning as derived by 
an ASD animal model (Ferguson and Gao 2015). Given that the current study 
confirmed reproducible hyperconnectivity between the right prefrontal thalamic-
right vmPFC in a large data sample containing multiple cohorts, our results provide 
further evidence of a crucial prefrontal thalamic involvement in the neurobiology 
of ASD.
For decades, researchers have been trying to identify reproducible neural markers 
in individuals with ASD, yet with limited success as most of the literature is based on 
studies with small sample sizes and different sample and scanning characteristics. 
This way a considerable amount of between-study heterogeneity is induced, 
which poses a great challenge for the identification of robust findings. Therefore, 
recently, the field shifted towards aggregating larger data samples in an effort 
to analyzing a wide range of subjects simultaneously. This way, meaningful 
homogeneous subgroups may be stratified, which presumably decreases variation 
and facilitates the detection of group differences (Volkmar et al. 2009). Therefore, 
in the current study, we subsampled adolescent boys in one experiment and 
analyzed prefrontal thalamic-vmpFC hyperconnectivity across the entire sample 
in another experiment. This was done due to some support for gender and age 
effects in the thalamus (Koch et al. 2014; Tomasi and Volkow 2012) and in the 
ASD literature (Zhang et al. 2018). Therefore, some variation might be induced by 
developmental factors and gender on our prefrontal thalamic FC strength marker 
as well. Subgrouping our sample according to similar subject characteristics as in 
the discovery sample, could have facilitated the identification of a small between-
group effect, in case that age and gender had a strong effect on functional 
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connectivity along the prefrontal thalamic-vmPFC pathway. However, as already 
shown by previous research in which our effect was corrected for age and gender 
effects, the results of the adolescent male subsample were not more significant 
than in our generalization sample. More specifically, although the group effect 
was larger on TPF-CvmPFC FC strength in adolescent boys than in the generalization 
sample, we did not reach the significance threshold in the adolescent male 
subgroup, while the small group effect did reach significance in the generalization 
sample. The lack of significance in the adolescent male sample may be explained 
by comparing the random null distributions in figures 5 and 6, in which the 
random distribution of adolescent boys (Figure 6) has wider tails, and is flatter as 
compared to the distribution of the generalization sample (Figure 7), and where 
a larger amount of random samples exceeded our true group effect by chance 
alone in adolescent boys. Thus, although the group effect coefficient was larger 
in the adolescent subsample, in order for our group effect to reach significance 
in adolescent boys, the effect would have had to be even more pronounced to be 
detected within the given underlying random distribution. It is unknown why the 
random distribution of the generalization sample approaches normality more than 
in the adolescent male subgroup. From a developmental perspective, although the 
effects of age and gender where not found to be significant according to the test 
statistic of a linear mixed effects model (see statistical analysis in the methods 
section), it is still possible in theory that there is more non-linear variance induced 
by different developmental trajectories in the adolescent subgroup. However, as 
the TPF-CvmPFC hyperconnectivity signal in the original discovery sample from which 
our neuronal marker was derived was also corrected for age and gender, linear 
relationships are indeed unlikely to play a crucial role in our TPF-CvmPFC FC strength 
marker. Thus, given that (1) our TPF-CvmPFC FC strength marker has been derived 
from an age and gender corrected signal and (2) the random distribution of the 
generalization sample seems to be distributed more normally than in our smaller 
adolescent sample, which might not be reflecting age effects but the larger 
sample size of the generalization sample, and that (3) TPF-CvmPFC hyperconnectivity 
only reached significance in our generalization sample, our results suggest that 
our TPF-CvmPFC FC strength effect is generalizable across a wide range of subjects.  
Our findings are furthermore supported from a cognitive perspective, as the TPF-
CvmPFC pathway subserves many higher-order executive functions (e.g. decision 
making, learning something new, planning), which are known to be impaired in 
ASD as reflected in the RRB scores. Therefore, it was to be expected that our TPF-
CvmPFC marker would be sensitive to RRB scores. As described in more detail in the 
current introduction, we found support for this relationship in research in rats, 
where the disruption of the MD and vmPFC indeed led to lower levels of cognitive 
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flexibility (Vicedomini, Corwin, and Nonneman 1982). We also pointed to an 
inconsistency between our findings and the results in rats. An intuitive hypothesis 
regarding the disruption of the MD and vmPFC would propose lower functional 
connectivity between the disrupted regions. Consequently, and contrary to our 
results in chapter 4, lower FC strength and not higher FC strength between the 
MD and vmPFC should be associated with higher RRB symptom severity in ASD. 
Importantly, our current results contradicted our previous positive correlation 
between thalamic-vmPFC FC strength and RRB in ASD from chapter 4 and 
demonstrated that higher FC strength is linked to less RRB symptoms. This result 
confirms that the underlying mechanism for the thalamic-frontal hyperconnectivity 
in ASD might indeed be more complex. Therefore, we propose that our current 
results are pointing towards a compensatory mechanism in ASD. 
Such a compensatory framework is supported by models of cognitive executive 
functioning in mice (Schmitt et al. 2017). Enhanced PFC excitability decreased 
performance, while increased MD excitability increased performance in a decision 
making task in mice, i.e. a task that was linked to cognitive control mechanisms 
along the MD-PFC pathway. These results suggest that an elevated drive from the 
MD to PFC increases decision making performance and cognitive control in healthy 
subjects, while the TPF-CvmPFC FC strength hyperconnectivity in our ASD sample 
might suggest a compensatory increase along this pathway to facilitate cognitive 
control. This framework is supported by the negative correlation between the RRB 
scores and TPF-CvmPFC FC strength in the current study. The RRB score may reflect 
greater difficulties in decision making in ASD. Hence, our negative FC strength-RRB 
score relationship may indicate that those individuals with higher compensatory 
TPF-CvmPFC FC strength might also have greater cognitive control. 
It is unclear why we found the opposite effect in the discovery sample in chapter 
4, but it is noteworthy that our discovery sample results consisted of only 20 ASD 
subjects, which increases the possibility of sampling biases. Adding to this theory, 
by judging from the between-group effect size (0.94) in the discovery sample (see 
supplementary meta-analytic plot, figure 1), which is twice the second largest 
effect size of the 15 current cohorts (0.45, site=UM), it is possible that the RRB-
FC strength relation is reversed in subjects showing extreme FC strength values. 
We therefore subsampled 20 subjects with the highest FC strength scores and 
calculated the full correlation between TPF-CvmPFC FC strength and the ADI-C scores 
in a supplementary analysis (see supplementary figure 2). Although this effect 
was not significant (two-tailed p=0.15, df=18, r=0.33), the correlation analysis did 
indeed reveal a positive trend in those subjects with extreme FC strength values. 
This trend might point to complex non-linear symptom correlations, in which 
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compensatory increased TPF-CvmPFC FC strength might follow an optimum curve 
with respect to compensatory mechanism aiding symptom severity. 
Furthermore, our behavioural relationship was more pronounced in the larger 
generalization sample and was weaker within the adolescent male group. When 
the social and communication scores were also tested, we confirmed that the 
RRB symptom domain uniquely predicts FC strength of our thalamic marker, i.e. a 
confirmation of earlier results in chapter 4. One explanation for the lacking effects 
in other symptom domains might entail that the ADI social and communication 
scores might be more time sensitive measures, with lower accuracy in the social 
and communication domain towards older age. According to the literature, the 
repetitive behaviour and the thalamus may exert a close link to social behaviour 
within a amygdaloid-hippocampal-striatal-thalamic-frontal brain hub (Kim, Lim, 
and Kaang 2016). A framework proposes that social behaviour increases when 
repetitive behaviour is attenuated in ASD and vice versa within this network. 
Our results do not support this framework and suggest that the thalamus FC 
strength is not inversely linked to the social behaviour, since the ADI social scores 
did not predict prefrontal thalamic-vmPFC strength. Future work might be able 
to disentangle the presumable inverse relationship between social behaviour 
and RRB. For instance, with a study design that simultaneously investigates the 
influence of the other structures within the amygdaloid-hippocampal-striatal-
thalamic-frontal brain hub and with more detailed symptom scores. 
We also want to address the fact that our effect was small. Therefore, we delineated 
all individual effect sized for each cohort using a meta-analytical forest plot. This 
was done in order to investigate if any of the between-group effect sizes would 
reach significance in any of the 15 small cohorts individually. Note that we do not 
interpret the summary statistics of the random effects model in the meta-analysis. 
We deemed the outcomes of parametric models as unreliable for our multi-cohort 
study, because six samples in our data were shown to contain non-normally 
distributed data. The forest plot reflects another well-known disadvantage 
of using meta-analytical approaches for delineating multi-cohort results: as 
confidence intervals naturally become wider with lower samples sizes, such 
unwanted variation might distort the overall model estimate. The supplementary 
meta-analytical forest plot shows that our between-group effect could have been 
replicated in only one out of all 15 samples individually. Although the direction of 
the individual group effects indeed pointed towards hyperconnectivity patterns 
in 10 out of the 15 samples, the effect sizes were quite small in each cohort 
with broad confidence intervals. We thus conclude that the implementation of a 
permutation test on the linear mixed effects model allowed us to confirm even 
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a small but meaningful abnormality in prefrontal thalamic- vmPFC FC strength in 
ASD that may otherwise have been rejected using a different approach.   
We also want to discuss that our neuronal marker was extracted based on brain 
signal from a relatively small thalamic subregion and a very small ROI within 
the frontal cortex (our vmPFC ROI had the size of four voxels). Spatial filtering 
was also not kept constant between all datasets and did not strictly resemble 
the spatial filtering paradigm of the discovery sample (EU-AIMS LEAP samples: 
FWHM=6mm for both seed regions; ABIDE 1: FWHM=6mm for the frontal ROI and 
spatially unfiltered TPF ROI, like in the discovery sample), which might in theory 
have induced a substantial amount of noise when extracting the signal. The reason 
that we were still able to reproduce such a specific effect may be found in the 
meta-analytic forest plot (Supplementary figure 1). When we extracted the TPF-
CvmPFC signal from the small adolescent discovery sample, we showed that its group 
effect size was twice the largest effect size of all replication samples. Thus, ASD TPF-
CvmPFC hyperconnectivity might have been discovered in an extreme sample, while 
regression towards the mean occurs when attempting to reproduce the effect 
across multiple cohorts (Supplementary figure 1). However, the presumable noise 
from the signal extraction method using such a small frontal ROI in combination 
with different spatial filtering paradigms across such a wide range of cohorts may 
have weakened the strength of the effect in our replication study further. 
Another possible source of variance might be sampling biases. Unfortunately, our 
datasets did not contain the same behavioural or diagnostic measures across all 
sites and across both diagnostic groups, which deemed diagnostic or behavioural 
stratification of our between-group effect not feasible. Future research might be 
able to delineate multi-center analyses for diagnostic sampling biases or stratify 
clinical ASD subtypes. 
Conclusion
Our study is the first to provide reproducible evidence of higher prefrontal 
thalamic-vmPFC FC strength in ASD and links this effect to RRB symptom severity. 
Crucially, the TPF-CvmPFC FC strength within the ASD sample showed a negative 
relationship with repetitive and stereotypic behaviour (RRB), indicating that TPF-
CvmPFC FC strength hyperconnectivity in ASD might not be “causing” ASD symptoms, 
but can more likely be associated with a compensatory mechanism facilitating 
higher cognitive control in individuals with ASD.
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Supplementary Material
Meta-analytic forest plot
Because our overall summary statistic indicated an overall weak between-
group effect in ASD, we aimed to delineate the between-group effect sizes and 
confidence intervals in each of the 15 small replication cohorts in order to evaluate 
how many of the samples replicate TPF-CvmPFC hyperconnectivity in ASD individually. 
We included the results from the discovery sample in order to show that (1) we 
are able to replicate the results with the chosen brain extraction method and thus 
indeed confirm hyperconnectivity in the discovery sample and (2) to compare the 
effect size from the discovery sample with the effect sizes of other cohorts. The 
within sample between-group effect sizes and confidence intervals are delineated 
using a forest plot. Before entering the group means into the effect size calculation 
with the escalc function from the R package metafor, which calculates the effect 
size based on a standardized mean difference measure (i.e. Cohen’s d), we 
adjusted each group mean for the effects of age using the emmeans function from 
the R package emmeans. Note that it was not possible to extract EMM adjusted 
for gender effects in our design, as not all sites contained female subjects. We 
therefore provided descriptive statistics for variables of interest, such as the 
percentage of females in each site, the slice acquisition scheme used or sample 
size (Supplementary figure 1). The estimated marginal means (EMM) for the ASD 
and control group within each sample were extracted from a linear model using 
the lm function from the stats package as implemented in R. The effect sizes for 
each study were then entered into the rma function of the R package metafor and 
the outputs were plotted using the forest function of the R package metafor. Note 
that we did not interpret the output of the overall random effects model, because 
due to the non-normally distrusted nature of six of the samples and the varying 
sample sizes we chose to interpret the summary statistics from an overall mixed 
effects model using a nonparametric permutation approach for our main results. 
We show that 10 out of the 15 samples yielded weak hyperconnectivity patterns 
in ASD, while we confirmed significantly increased TPF-CvmPFC  FC strength in one 
sample (UM) based on the confidence intervals (Supplementary figure 1). We can 
furthermore derive from the descriptive information in supplementary figure 1 
that larger sample sizes coincide with more narrow confidence intervals, which 
provides further support that permutations tests are the more suitable approach 
to interpret the overall summary statistics.
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RRB symptom relationship in extreme prefrontal thalamic – vmPFC 
hyperconnectivity
Our TPF-CvmPFC FC strength RRB symptom correlation demonstrated a negative trend 
in our generalization sample, which was in the opposite direction as compared to 
the discovery sample. As the between-group eff ect size (0.94) in the discovery 
sample (see supplementary fi gure 1), which is twice the second largest eff ect size 
(0.45, site=UM), it is possible that the RRB-FC strength relationship is reversed 
in subjects showing extreme FC strength values. We therefore subsampled 20 
subjects with the highest FC strength scores (excluding those that did not have 
the ADI-C score) and calculated the full correlation between TPF-CvmPFC FC strength 
and the ADI-C scores in a supplementary analysis (see supplementary fi gure 2). As 
the factor age and gender were not shown to have any eff ect and in the light of 
our small sample size, we chose to limit this analysis to full correlations without 
correcting for age and gender. We did not adjust for the factor site using a linear 
mixed eff ects model unlike in previous analysis steps due to an insuffi  cient amount 
of data points per site (the 20 data points in the current analysis came from seven 
diff erent sites). Although our eff ect was not signifi cant (two-tailed p=0.15, df=18, 
r=0.33), the correlation analysis did indeed reveal a positive trend with RRB 
symptom severity in those subjects showing extreme FC strength values. This 
indicates that the positive FC strength-RRB symptom correlations in adolescent 
boys of the discovery sample, might indeed be linked to extreme FC strength in 
this sample.
Supplementary Figure 2. The fi gure shows a positive relationship between the 
repetitive stereotypic behaviour subdomain (ADI-C scores from the ADI-R) and 
extreme TPF-CvmPFC FC strength in 20 ASD subjects. 
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The first part of this thesis explored various abnormal amygdala-cortical connections 
in ASD in order to identify which of the amygdaloid pathways show alterations 
in ASD. The study sample consisted of male adolescents without comorbidities 
primarily. In this homogenous group, I found that lower FC strength between the 
medial amygdala (APF parcel) and the vmPFC, was driving parcel size increases 
of the ventrolateral amygdala (AOF parcel) in ASD. Importantly, the larger the 
AOF parcel size was, the lower the social skills were in the ASD group; providing 
evidence for a dynamic relationship between the ventrolateral amygdala-lOFC 
and medial amygdala-vmPFC and their shared involvement in lower social skills 
in ASD. The experiments also show that the anatomically defined left superficial 
and right laterobasal amygdala subregions exert lower FC strength along higher-
order occipito-parietal perceptual integration areas in ASD. With these results, 
I was able to link abnormal cortical perceptual integration processes in ASD to 
those amygdaloid subregions that exert subcortical-cortical input functionality. In 
the second part of this thesis, I investigated the same homogenous adolescent 
sample to explore putative abnormal FC strength between each of the thalamic 
subregions and their corresponding cortical areas in ASD. The results suggested 
higher FC strength between the prefrontal thalamic subregion and the vmPFC in 
ASD. This neural marker was significantly correlated with higher levels of repetitive 
and stereotypic behaviour (RRB) in the ASD group. Since sampling biases and a 
lack of replicable findings in the neuroscientific ASD literature have hampered the 
identification of robust neural markers, I followed up on the analysis using a large 
and heterogeneous multi-cohort dataset containing subjects with different ages, 
gender and comorbid disorders. This experiment was designed to examine if my 
prefrontal thalamic-vmPFC FC strength marker is a generalizable neural marker for 
ASD diagnostic status. The results of chapter 5 indicate that ASD diagnostic status 
is indeed an important predictor for the thalamic abnormalities, and the outcomes 
in the heterogenous sample are in line with the results in the homogenous group 
of adolescents with ASD core characteristics. Although these effects confirm that 
thalamic-frontal hyperconnectivity is ASD subtype agnostic, unobserved ASD 
subtype effects might not be ruled out entirely. Specifically, unknown ASD subtype 
effects might explain the inconsistent RRB symptom correlations between both 
experiments. Therefore, the interpretation of the abnormalities in the follow-up 
results was revised due to a different relationship between the thalamic marker and 
RRB symptom scores. Particularly, since higher FC strength correlated significantly 
with lower levels of RRB symptom severity in the larger heterogeneous sample, the 
neural thalamic-frontal marker might reflect a compensatory neural mechanism in 
ASD. The following sections will elaborate in more detail on the outcomes of each 
of the four experimental chapters.
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Chapter 2
Previous fMRI research linked many of the neural alterations in the autistic brain to 
altered neural amygdala signals, but it remains unclear which parts of the amygdala 
are involved. In the second chapter, amygdaloid FC was investigated using an 
exploratory approach for identifying which of its anatomically defined subregions 
are associated with brain alterations in adolescents with ASD. I first investigated 
functional connectivity of the entire amygdala with the rest of the brain in order to 
identify loci of abnormal brain FC with the amygdala. I also delineated the FC with 
the rest of the brain using a partial correlation approach in which the amygdala 
was subdivided into three major anatomically defined amygdaloid subregions, i.e. 
the laterobasal, centromedial and superficial subregion. The partial correlation 
method facilitates the stratification of each amygdaloid subregions’ unique 
signal by regressing out the signal of the other subregions. This way I was able to 
discern the relative contributions of the specific nuclei to the amygdala-cortical 
FC alterations. I demonstrated that reduced FC strength patterns were limited to 
the left superficial and right laterobasal subregions, which maintain perceptual 
input functionality along socio-perceptual higher-order integration areas in ASD. 
The centromedial subregion, which facilitates emotional output functionality, was 
not shown to be affected. Since our study design enabled us to investigate the 
amygdala subregions in terms of input and output functionality, we were able 
to address the amygdala centred theory in the neurobiology of ASD, i.e. a well-
known theory which was substantiated by research of Baron-Cohen (Baron-Cohen 
et al. 2000). The theory postulates a crucial involvement of the amygdala in the 
neurobiology of ASD. As the cortical abnormalities in my thesis are tied to those 
amygdaloid subregions that are believed to facilitate incoming cortical signals 
primarily, while evidence for alterations tied to the amygdaloid output regions is 
lacking, our results suggest that amygdala abnormalities might reflect abnormal 
neural signals that originate in other parts of the brain, rather than within the 
amygdala. Thus, our results are not in line with an amygdala centred theory in the 
neurobiology of ASD. Further, I was able to compare alterations that arise from 
global entire amygdaloid FC with the unique subregions FC, which were similar 
to the deficits from the left SF and right LB. By comparing the abnormalities 
from the entire amygdala with the unique subregion abnormalities, I enhanced 
confidence that our subregion deficits are not merely caused by an artefact 
from the region of interest selection approach and show that the abnormalities 
are not caused by dynamic global amygdala interactions between subregions. 
Rather, they can be traced down to unique and specific amygdaloid subregions. 
When I furthermore investigated symptom correlations between the abnormal 
amygdala-cortical pathways and any of the clinical symptom subdomains from the 
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Autism Quotient (AQ) measure, I did not discover any significant relationships. In 
chapter 2, I interpret the lack of symptom correlations as a consequence of the 
methodological approach, because my anatomical subregion definitions may not 
align well enough with those functional cognitive pathways in the brain that are 
linked to ASD symptoms. To conclude, the findings provide further evidence for 
underconnectivity in socio-emotional circuits in adolescents with ASD (Guo et al. 
2016; Kleinhans et al. 2016). Furthermore, as I found abnormal connectivity in the 
amygdala’s input areas but not in the output areas, the findings support the notion 
that deficient/impaired amygdaloid sensory input mechanisms may underlie ASD. 
Chapter 3
The experiments in chapter 3 extended on the anatomically defined amygdala 
subregion FC strength markers of chapter 2, and investigated amygdaloid FC using 
functionally defined amygdaloid subregions. The functional parcels were based 
on the amygdala FC parcels resulting from the amygdaloid FC with three specific 
major hubs within the social brain network: the caudal anterior cingulated cortex 
(cACC), ventromedial prefrontal cortex (vmPFC) and lateral prefrontal cortex 
(lOFC). As previous research identified that the FC strength associated with one 
of these amygdaloid parcels, i.e. the lOFC amygdala pathway, predicted social 
behaviour, I hypothesized that abnormalities along this pathway could potentially 
be linked to social deficits in ASD. Therefore, in this chapter I investigated which of 
the three amygdaloid - social brain networks may show alterations in its functional 
architecture in ASD. 
The lack of symptom correlations with abnormal FC along socio-perceptual 
amygdaloid input pathways as identified in the previous chapter 2, formed one 
of the motivations to explore abnormal amygdaloid FC strength associated 
with social impairments using a slightly different neuroimaging marker. The 
method in chapter 3 is based on specific functional social subsystems within the 
amygdaloid network, and therefore this approach may be more sensitive for 
capturing symptom correlations in ASD than the exploratory whole brain approach 
of the previous chapter. I also compared the size of each amygdaloid brain hub 
parcel between adolescents with ASD and healthy controls, i.e. a measure that 
quantifies the relative spatial extent of each of the FC social brain hubs within 
the amygdala using a winner-takes-all method. I identified that the amygdala lOFC 
parcel size was significantly increased in ASD. By using this method in combination 
with conventional FC strength between-group comparisons, I gained additional 
mechanistic insights into the functional architecture of these cortical-amygdaloid 
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connections. When the size of each parcel is interpreted in combination with its 
underlying FC strength, I was able to investigate whether 1) the increase of the 
amygdaloid lOFC parcel size in the ASD population was linked to an increase in 
FC strength originating from the cortical lOFC network or 2) the increase in 
amygdaloid lOFC parcel size was, alternatively, a consequence of decreased FC 
strength from one or more of the other brain hubs. This way, I was able to link the 
increased amygdaloid lOFC parcel size to a reduction in the underlying FC strength 
from the amygdaloid vmPFC parcel. 
There are several reasons to complement conventional FC strength measures with 
parcel size. Here, a combination of both methods enabled me to link reduced social 
skills to increased lOFC parcel size, while I associated this effect with reduced 
vmPFC FC strength. The vmPFC’s crucial involvement in this mechanism would 
have been rejected using conventional FC strength measures, as the results did 
not support reduced vmPFC parcel size or symptom correlations with the vmPFC 
parcel in ASD. 
One interpretation for our findings might be that our parcel size measure is very 
sensitive for capturing subtle FC strength changes, because parcel thresholds were 
based on the relative FC strength between social networks within the amygdala 
instead of an absolute FC strength significance threshold. Thus, our parcel size 
marker may therefore be more sensitive to capturing symptom relationships in ASD 
than conventional FC strength measures. I also argued in chapter 3 that network 
parcel size is measured on subject level and is thus not dependent on a common 
spatial locus of abnormal FC between subjects, while the abnormalities may still be 
linked to a specific amygdaloid pathway. The advantages of our parcel size method 
are thus not limited to capturing symptom correlations, but it also enables us to 
show “loci agnostic trends of abnormalities” in the functional architecture within 
functional networks of the amygdaloid social pathways in ASD. 
Within the three social brain networks in chapter 3, our results suggest that 
underconnectivity between amygdala and prefrontal vmPFC is driving abnormal 
functional interactions between the amygdala and other amygdala networks. By 
parcellating the amygdala functionally, pathophysiological mechanisms along the 
amygdalo-prefrontal pathway were linked to increasing symptom severity in ASD. 
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Chapter 4
In the fourth chapter, I examined thalamic FC using an exploratory approach for 
identifying which of the anatomically defined thalamic subregions shows alterations 
within the entire extend of its associated cortical lobe in adolescents with ASD. 
Most previous research on thalamic connectivity in ASD had investigated whole 
thalamic FC with cortical regions, instead of thalamic subregions-cortical FC. The 
few studies that delineated thalamic subregion FC in ASD were based on averaged 
brain signals across entire cortical lobes. In other words, so far, thalamic research in 
ASD had to deal with a trade-off in spatial specificity between the cortical regions 
or the thalamus. The research in chapter 4 uses a method that preserved spatial 
specificity within both the thalamus and the cortex, to facilitate an analysis of fine-
grained unilateral thalamic subregion level abnormalities throughout the brain. 
This way, here, I provide evidence for a novel ASD effect along the prefrontal 
thalamic pathway. More specifically, I identified hyperconnectivity between the 
prefrontal thalamic subregion and a small area within the ventromedial prefrontal 
cortex in our adolescent ASD population. I also demonstrated successfully that this 
effect was associated with higher levels of restricted and stereotypic behaviour in 
the ASD group. These results suggest that our thalamic hyperconnectivity marker 
may predict the severity of symptoms in this symptom domain. Our findings are 
the first to support a thalamic involvement in higher order processes in ASD 
with hyperconnectivity from the right prefrontal thalamic nucleus to the right 
ventromedial prefrontal cortex.
Chapter 5
Our thalamic hyperconnectivity pattern in the previous chapter has been identified 
in a rather small but homogenous adolescent sample with only very few female 
subjects. In chapter 5 I aimed to investigate if our marker could be generalizable 
to larger and more heterogeneous samples or if this effect would be limited to 
adolescent boys with ASD. Therefore, chapter 4’s analysis was replicated across 
multi-cohort samples that were subject to different ASD subtypes, age groups, 
gender and technical neuroimaging acquisition parameters. In a second experiment, 
I limited the amount of subjects to adolescent boys across all study cohorts. Since 
the hyperconnectivity patterns were indeed replicable in our general replication 
sample, I concluded that our thalamic hyperconnectivity marker is a generalizable 
effect across a wide ASD population. The effect did not reach the significance 
threshold in the adolescent subgroup, however, which was presumably caused by 
lower power due to the smaller sample size and not by the factors age and gender. 
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Furthermore, chapter 4 outlined a positive correlation between thalamic 
hyperconnectivity and restricted and stereotypic behaviour (RRB) in ASD. Here I 
aimed to replicate this finding in the current chapter in a large ASD population. 
Surprisingly, the opposite effect was identified in the generalization ASD sample 
as compared to the results in adolescent males of the previous chapter: when 
investigating how the repetitive and stereotypic behaviour scores predicted 
our thalamic maker in the general ASD population, I showed that thalamic 
hyperconnectivity was associated with lower RRB scores in chapter 5. Following 
from these results, I argued in chapter 5 that thalamic hyperconnectivity might be 
indicative of a compensatory mechanism for increased cognitive control in ASD. 
Support for this framework can be based on recent findings in mice and translated 
to the healthy human brain. Schmitt et al. demonstrated that an elevated drive 
from the MD (a thalamic region that greatly overlaps with the prefrontal thalamic 
subregion) to prefrontal cortex increases decision making performance and 
cognitive control (Schmitt et al. 2017). Thus, the negative FC strength-RRB score 
relationship in our replication study suggests that higher-order cognitive control 
in ASD subjects leads to less RRB symptom severity, which is reflected as increased 
vmPFC-thalamic connectivity on the neuronal level in ASD. The results in chapter 
5 thus indicate that the thalamic-PFC hyperconnectivity marker might not be 
“causing” ASD symptoms, but can more likely be associated with a compensatory 
mechanism facilitating higher cognitive control in individuals with ASD.
Mesoconnectomic abnormalities of the amygdala-cortical 
subsystem in ASD
This dissertation focused on two important structures, which are vital candidates 
in the neurobiology of ASD: the amygdala and the thalamus. Amygdaloid and 
thalamic intrinsic functional connectivity was first assessed in an adolescent cohort 
in chapter 2, 3 and 4. As expected, the amygdaloid patterns in adolescent ASD 
in chapter 2 and 3 were in line with earlier amygdala studies in healthy subjects 
and adults. The amygdala underconnectivity patterns were also in line with known 
socio-emotive deficits in ASD. A similar study investigating the entire amygdala 
using resting-state fMRI scans of an adolescent sample also found reduced FC 
strength (Guo et al. 2016). The FC strength between the amygdala-putamen and 
the amygdala-thalamus were however the only significant abnormalities found 
in their study. Another similar study investigating amygdala subregions -using 
roughly the same anatomical definitions as described in this thesis- found similar 
abnormal spatial locations in ASD, especially in higher-order association areas. 
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However, those were traced down to different amygdala subregions (Kleinhans et 
al. 2016). Interestingly, our shared abnormalities in higher-order association areas, 
were traced down to underconnectivity of the amygdaloid input subregions in this 
thesis, but to overconnectivity of the amygdaloid output subregion in their study. 
One explanation for this inconsistency was outlined in the discussion of chapter 
2, involving the demonstrated high inter-correlations between all subregions 
combined with the absence of amygdala subregion main effects in the control 
subjects. That is to say, as all input subregions in chapter 2 were highly negatively 
correlated with the amygdaloid output subregion, partial correlation analysis might 
have regressed out the shared signal between the input and output subregions. 
It is also noteworthy that the amygdala output subregion main effects in ASD 
subjects did yield significant brain clusters, although this effect did not influence 
the direct comparison between the ASD and controls. There were no significant 
between-group differences for the output subregion. The fact that, unlike in 
controls, shared signal from the input-output subregion pathway did not result 
in the absence of output signal main effects in ASD was in chapter 2 interpreted 
as a sign of less functional specialization in adolescents with ASD. Therefore, the 
slightly different approach in Kleinhans et al. (2016) (partial correlations were not 
calculated directly, but the first level signal from each subregion was regressed 
out after full correlations for each subregion were calculated separately) could 
have resulted in the opposite effect, where the decreased input signal in ASD was 
regressed out while the increased output signal of the centromedial subregion 
survived. As Kleinhans et al. did not report centromedial FC strength main effects, 
I cannot determine whether opposite main effects were indeed present in their 
study and could have led to different group-level results. To confirm the presented 
hypothesis, future research should aim to replicate the results of Kleinhans et al. in 
chapter 2’s cohort using their statistical approach. 
In this thesis, both amygdala studies provided further evidence for underconnectivity 
in socio-emotive circuits in adolescents with ASD. When exploring intrinsic 
functional connectivity of three main anatomical amygdaloid subregions in chapter 
2, patterns of underconnectivity were traced down to those amygdaloid subregions 
that are known to facilitate perceptual input functionality along parietooccipital 
higher-order integration pathways in ASD. The third chapter uncovered a crucial 
link between amygdala underconnectivity and the amygdala emotional output 
network, which focused on three specific amygdala-frontal subnetworks within 
the broad amygdala social brain network. In the experiments of chapter 3 I first 
noticed a functional connectivity-based volume increase within the amygdala 
which was associated with the amygdala-lOFC social perception network, i.e. a 
perceptual input network. More importantly, however, the increased recruitment 
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of the lOFC social perception network within the amygdala was demonstrated to 
be driven by amygdala underconnectivity in the amygdala-vmPFC network, i.e. an 
amygdaloid emotion regulation output network. This result may be reinforced by 
the intra-correlations between amygdaloid subregions, as demonstrated by the 
significant intra-amygdaloid functional connectivity in healthy adolescents in the 
supplementary analysis in chapter 2. The functional interactions between amygdala-
frontal social brain networks in chapter 3 may thus shape our understanding of 
the dysfunctional amygdala pathways in ASD in chapter 2 further. The joint 
outcomes suggest that a functional interaction between the amygdala perceptual 
input and the amygdala emotional output pathways form the basis for amygdala 
underconnectivity in adolescent ASD. As follows, dysfunctional amygdala-vmPFC 
FC strength might drive the abnormal FC strength along socio-perceptual input 
pathways. Furthermore, I hypothesized that the size of lOFC and vmPFC functional 
parcels predicts social skills in the adolescent ASD population based on previous 
evidence that demonstrated a positive relationship between FC strength within 
these networks and social network size (that is, the number of friends). Indeed, my 
findings were in line with previous research and confirmed that increased size of 
the lOFC parcel predicted lower social skills in ASD, while reduced vmPFC network 
FC strength was driving the increase in lOFC parcel size. Thus, chapter 3 provides 
conclusive evidence that both the vmPFC and lOFC amygdala-frontal social brain 
networks play a crucial role in the neurobiology of ASD. 
To conclude, chapter 2 and 3 outline which of the amygdaloid subregions exert 
abnormal FC with cortical regions. Although dynamic interactions between the 
amygdaloid subregions or amygdaloid-frontal subnetworks are in line with known 
brain level alterations in ASD, especially the amygdaloid-frontal social brain 
networks demonstrated a crucial role in the neurobiology of social behaviour in 
ASD.
Mesoconnectomic abnormalities of the thalamo-cortical 
subsystem in ASD
While the novel amygdaloid effects are supported by a large body of existing 
literature in healthy and adult populations from human neuroimaging studies, our 
thalamic results are only supported by little existing fundamental research. The 
identified prefrontal thalamic ASD marker from the adolescent cohort in chapter 
4 is a novel finding, which is difficult to interpret considering the small number 
of earlier human neuroimaging studies. A limited number of rodent studies 
confirmed our right prefrontal thalamic-right vmPFC abnormalities in ASD, while 
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only few additional fMRI studies indicated a less well-defined involvement of the 
thalamic-prefrontal cortex pathway in ASD. Therefore, the main experiment in 
chapter 5 was designed for the validation of the thalamic-vmPFC hyperconnectivity 
effect from chapter 4 across multiple neuroimaging populations. I used the same 
small but homogenous sample of adolescents with ASD for the experiments in 
chapter 2, 3 and 4. The adolescent ASD sample did not include individuals with 
highly prevalent co-morbidities in ASD such as anxiety, depression or ADHD. No 
individuals with PDD–NOS were included in the sample. Therefore, the results 
of chapter 2,3, and 4 only present evidence for autistic core features. Since 
subjects with broader defined ASD according to the DSM-5, thus including DSM-IV 
defined PDD-NOS and comorbid disorders were included in chapter 5’s sample, 
the results in chapter 5 provide evidence across a broader more generalizable 
autistic sample. The experiment in chapter 5 confirmed that prefrontal thalamic-
vmPFC hyperconnectivity might not be ASD subtype specific – neither in terms 
of age, gender nor diagnostic subtypes – but generalizable across the wider ASD 
population. However, I cannot rule out presently unknown ASD subtype effects, 
because it is still possible that unknown subtype effects explain the inconsistencies 
between both experimental samples with regards to inconsistent RRB symptom 
correlations. Based on the replication analysis, I redefined the role of the neural 
thalamic marker away from a marker of disease to a compensatory mechanism 
where higher prefrontal thalamic FC strength correlated with less severe RRB 
symptom outcome. 
Towards a subcortical-frontal pathway framework in ASD
The following section of the discussion will aim to integrate the amygdala findings 
of part 1 with the thalamus findings in part 2 of this dissertation. One reason to 
investigate both the thalamus and the amygdala is because of their crucial roles in 
the neurobiology of ASD during emotion processing. While the amygdala has more 
often been investigated in the context of social emotion processing, the thalamus 
is best known for its role in lower-order and higher-order sensory information 
processing throughout the brain. It has however strong connections to the social 
brain, as the thalamus provides direct amygdala input as well as indirect amygdala 
input via a slower cortical route (LeDoux 1998). Therefore, both of the subsystem 
specific outcomes in the amygdala and the thalamus will be incorporated in a 
subcortical-frontal pathway emotion processing framework in ASD in the following 
section. 
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The emotion processing network can be subdivided into multiple subnetworks 
which are built up mainly around connections between the amygdala, hippocampus, 
striatum, thalamus and frontal cortex (Kim, Lim, and Kaang 2016). Kim et al. (2006) 
attributed crucial roles of these structures to the emotion processing network 
in ASD using an ASD mouse model, and outlines the connections between these 
structures as a dynamic circuit. Specifically, their work demonstrates the dynamic 
nature between both ASD core symptoms (repetitive and social behaviours) 
and formulates a concept in which both behaviours are regulated by the same 
emotion processing network in mice. This notion is crucially based on their 
findings demonstrating that repetitive grooming behaviour, in which the thalamus 
is critically involved, could be suppressed by intervention in the amygdala, which 
consequently improved social behaviour in mice. Since Kim et al. succeeded to 
associate inhibited repetitive behaviour with improved social behaviour in mice, 
their research provides a suitable framework for the interpretation of the findings 
in chapter 3 and 4 of this thesis. 
Figure 1 showing a schematic interpretation of the results of chapter 2, 3 and 4’s 
adolescent sample.
The schema outlines all identified pathways that showed abnormalities in adolescents with ASD.
While Kim’s framework covers a large multi-structure network, this thesis focusses 
on the roles of two major frontal-subcortical pathways within this emotion 
processing network in ASD, i.e. the thalamic-frontal and amygdala-frontal network. 
The mechanism that connects both ASD symptom domains and both structures 
with each other will first be outlined in the context of the adolescent ASD cohort 
(Figure 1). The results of the exploratory thalamus study in chapter 4 indicated that 
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thalamic-vmPFC FC strength was increased in our adolescent ASD group, which 
was associated with higher levels of repetitive behaviour in the adolescent ASD 
group. In chapter 3, I identified that the reduced amygdala-prefrontal functional 
connection was associated with lower social skills in ASD. Note that the amygdala-
frontal brain signal that predicted social skills in ASD, was driven by the amygdala-
vmPFC connection. Thus, the thalamic-frontal and amygdala-frontal abnormalities 
were both associated with dysfunctional FC with the vmPFC. Therefore, the 
amygdaloid underconnectivity marker for lower social skills might be related to 
the thalamic hyperconnectivity marker for higher RRB symptom severity in the 
adolescent cohort through their abnormal link with the vmPFC. Such dynamic 
interaction between both pathways would in theory manifest through negative 
correlations between the amygdala-vmPFC FC strength and thalamic-vmPFC 
strength. Indirect support comes from a recent study that identified decreased FC 
strength between the left amygdala and the right thalamus, but also between the 
right amygdala and the left thalamus in adolescents with ASD (Guo et al. 2016). 
I assessed the relationship between the unilateral amygdala parcel-vmPFC FC 
strength marker from chapter 3 (FCAPF-vmPFC strength) and the right thalamic-right 
vmPFC marker from chapter 4 (TPF-CvmPFC FC strength) by calculating their Pearson 
correlations in supplementary analysis (not shown). The results did not confirm 
such a relationship, but it should also be noted that the right vmPFC and bilateral 
vmPFC marker from both experiments spanned different voxels within the vmPFC 
and did not overlap with each other. The missing spatial overlap could potentially 
have distorted the signal. To demonstrate a connection between both pathways 
through their shared link with the vmPFC, extracting signal from a shared vmPFC 
region might be crucial. Thus, the connection between both subsystems and its 
putative role in both ASD symptom core domains (i.e. the social-communication 
and RRB domains) is therefore still elusive. The proposed subcortical-frontal 
emotion processing framework in ASD in this thesis summarizes neurobiological 
underpinnings for abnormalities related to both the major ASD core symptom 
domains (social communicative and repetitive, restricted behaviour) and aims to 
describe their regulatory mechanism in ASD.
The previous section elaborated on the results in the adolescent cohort only, 
because the framework by Kim et al. that was used to describe the pathway 
specific abnormalities in adolescent ASD led to the hypothesis that both the 
amygdaloid and the thalamic subcortical-frontal pathways could be part of one 
dynamic subcortical-frontal network through their shared connection with the 
vmPFC. This link was not confirmed with supplementary analysis and given the 
findings described in chapter 5’s multi-cohort study, it becomes clear that Kim et 
al.’s framework is not comprehensive enough to describe my results. Specifically, 
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the thalamic-vmPFC hyperconnectivity in chapter 5 showed a thalamic-vmPFC 
FC symptom relationship in the opposite (i.e. negative) direction as compared to 
chapter 4. The role of the thalamic hyperconnectivity marker for RRB symptom 
severity has been revised in chapter 5 in response to these results. Here, thalamic 
hyperconnectivity in ASD was associated with a compensatory cognitive control 
mechanism that improves the RRB outcome measure in ASD. In the context of 
Kim et al.’s framework, these RRB symptom improvements should in theory be 
explained by a presumable intervention within the amygdala. However, such 
amygdala-vmPFC related social symptom relationship should crucially be inversely 
related with the thalamic-vmPFC associated RRB symptoms. It may in theory be 
possible to find this relationship in the multi-cohort sample. Future work might 
provide evidence that supports the inverse relationship between both amygdala-
vmPFC and thalamus-vmPFC FC strength and that their relationship with symptom 
severity in the social and RRB symptom domain is dynamic (state dependent) 
and not static. By identifying that the abnormal FC patterns in both structures 
were inversely related to each other, rather than absolute and static in nature, 
such a model would allow to investigate abnormal functional FC strength along 
these pathways in the presence of different symptom compositions in different 
cohorts or individuals. As I did not assess amygdaloid connectivity in the multi-
cohort sample, the thalamic-vmPFC marker cannot be interpreted in the context 
of presumable amygdala underconnectivity directly. 
The role of the vmPFC in ASD
The manifestation of ASD symptoms could, in theory, be affected via a moderating 
role of the vmPFC in the subcortical-frontal pathway emotion processing 
framework in ASD. The vmPFC is known to employ inhibitory connections to the 
amygdala, which regulates negative affective responses in humans (Motzkin et 
al. 2015). It’s most prominent role with regards to the amygdala was outlined in 
fear extinction experiments in rodents, where stronger inhibitory connections 
from the vmPFC were linked to the decrease in conditioned fear responses (e.g. 
freezing) following aversive stimuli (e.g. electro shocks). It is also important to 
notice that the emotion processing network and its subsystems consist of a dual 
pathway mechanism with a fast (direct path from thalamus to amygdala) and a 
slow (indirect path from thalamus via cortex to amygdala) route (Dulk, Heerebout, 
and Phaf 2003; LeDoux 1998). As amygdala frontal connections play a dominant 
role in influencing working memory content and attention, the vmPFC-amygdala 
connection is often primarily associated with the fast connection. This route ensures 
automatic appropriate responses to threatening stimuli, like demonstrated by the 
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freezing responses in rodents following electric shock administration. However, 
the amygdala-vmPFC connection also takes part in the slow route for processing 
higher-order social cognitive processes. Reserach of Motzkin and colleagues (2011) 
would support additional amygdala-vmPFC connectivity via a slow route with their 
lesion study. When presenting vmPFC lesion patients with unpleasant and arousing 
images using the International Affective Picture System (Lang and Bradley 2007), 
amygdala activation was elevated in the vmPFC lesion patients as compared to 
controls (Motzkin et al. 2011), which is explained by decreased inhibitory function 
through damage of the vmPFC. More importantly, lesions to the vmPFC were also 
associated with psychopathic behaviours (e.g., blunted emotional experience, low 
emotional expressivity, impulsivity, lack of empathy, reckless decision making), 
which could relate to dysfunctional vmPFC inhibition. Crucially, the symptoms 
that were correlated with psychopathic traits might involve the same presumably 
dysfunctional higher-order cognitive processes of impaired social behaviours in 
ASD, since both conditions share similar symptomatic manifestations in the social 
behavioural domain such as a lack of empathy (Jones et al. 2009). The results of 
these vmPFC lesion studies match the reduced amygdala-vmPFC FC strength driven 
social impairments in ASD in chapter 3 of this thesis. In line with the literature, 
the reduced amygdala-vmPFC FC strength and its relation to lower social skills in 
our adolescent ASD group might be driven by reduced vmPFC inhibition in ASD. If 
reduced social skills were indeed influenced by reduced vmPFC inhibition in ASD, it 
would confirm dysfunctional amygdaloid connections in ASD travel along the slow 
route of the emotion processing network rather than the fast route. 
The thalamic-vmPFC hyperconnectivity may also be placed in the context of 
both the slow and fast route. The thalamic social brain network involved in 
complex social behaviour via interactions with the amygdala and the frontal 
cortex, however, navigates most likely through the slow connection. Evidence 
for this hypothesis comes from a study of Garrido and colleagues (2012). They 
investigated if a single pathway cortical-amygdala route could predict amygdala 
activation better than a dual pathway subcortical-cortical-amygdala route, which 
was tested in the context of the emotionally valent faces paradigm (Garrido et al. 
2012). Importantly, along the dual-route, information reaches the amygdala both 
directly through a thalamic projection and indirectly through a cortical route. As 
they found that the subcortical-cortical-amygdala route was a better model for 
the amygdala activation associated with this specific emotion processing network, 
the thalamic, vmPFC and amygdala are more likely connected via a slower dual 
connection. Given that my amygdala-vmPFC and thalamic-vmPFC results can both 
be interpreted in the context of slower processes than immediate reflexes, my 
results suggest that their dynamic relationship may indeed affect the complex 
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cognitive processes such as the shown social and repetitive behavioural effects in 
my thesis.
The outcomes of both amygdala and thalamus experiments might have important 
implications for the so far unknown relationship between them in ASD. The 
increased drive from the prefrontal thalamus to the vmPFC in chapter 4 and 5 
might explain the inhibitory dysfunction of the vmPFC-amygdaloid connection 
seen in chapter 3. The inhibitory dysfunction of the vmPFC might form the basis 
for the underconnectivity patterns along perceptual pathway in ASD in chapter 2. 
Thus, when combining all the results from all four experiments with each other, 
this dissertation might provide more insights towards dysfunction along the 
subcortical-frontal pathway with its main anchors situated around the amygdala, 
vmPFC and the thalamus.
Functional Specialization and Connectivity in ASD
Impaired inhibitory frontal lobe function could also explain another trend that was 
presented across all experimental chapters: ASD group level main effects tend 
to span larger spatial regions of the brain as compared to controls. However, in 
the amygdala experiments of chapter 2 and 3, the spatial extensions of the ASD 
main effect maps were not accompanied by significantly increased functional 
connectivity strength. In chapter 2, the spatial extensions were not quantified in 
terms of parcel size like in chapter 3, but they were still very clear. For instance, 
the partial correlation maps from the centromedial emotional output region 
(which is known to support close connections to the vmPFC) yielded significant 
main effects in ASD, whereas the centromedial main effects were regressed out 
entirely in adolescent control subjects. It was discussed in chapter 2, that the 
absence of centromedial output main effects in controls was a result of the strong 
intra-amygdaloid correlations between the amygdaloid input and output areas in 
controls. Presumably, input-output mechanisms are similar in ASD subjects, but 
chapter 2’s evidence suggests that lower functional specialization in ASD might 
result in spatially extensive – yet not significantly stronger – amygdala output FC 
networks in ASD. 
Further evidence for this hypothesis is found in the same analysis: a large right 
SF-medial frontal cortex main effect cluster in the ASD group was present – an 
effect that was also regressed out in control subjects. In chapter 3, the analytical 
approach implemented a parcel size metric, which allowed for the investigation of 
relative spatial expansions within the amygdala between three frontal amygdaloid 
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networks. Amygdala-lOFC parcel size was increased in the ASD group as compared 
to controls, but since this increase was not accompanied by a significant amygdala-
lOFC hyperconnectivity (but by a significant decrease of the amygdala-vmPFC 
strength) I hypothesized that a potential lack of inhibition from the vmPFC 
might be driving a weak – but not significant – increase of FCAOF–lOFC strength in 
ASD. The experiment demonstrated that such spatial extensions did indeed 
span a significantly larger area in the ASD group as compared to controls along 
the amygdala-lOFC pathway. The fact that 1) two main networks survived partial 
correlation analysis in ASD in chapter 2, while they did not survive in controls, and 
that 2) none of the spatial expansions in chapter 2 and 3 were accompanied by 
significantly increased FC strength in ASD, this dissertation provides additional 
evidence for the hypothesis that a lower degree of functional specialization might 
underlie some of the abnormalities shown in ASD (Pelphrey et al. 2011). 
Furthermore, the evidence for lower functional specialization leading to extended 
but weak brain networks in ASD accumulated along the subcortical-frontal pathway 
overall. The prefrontal thalamic FC strength main effect maps of chapter 4 showed 
spatial extensions of the thalamic-prefrontal ASD main effects in the vmPFC 
area (not provided). However, the ASD main effect extension in the vmPFC was 
accompanied by significantly increased TPF-CvmPFC FC strength in ASD. This effect 
was however rather weak, as indicated by the omnibus permutation test across 
the heterogeneous multi-cohort sample in chapter 5. Therefore, all experimental 
studies in this thesis suggest that the autistic brain may have idiosyncratic FC 
patterns, which span larger cortical regions and overall yield only weak FC strength 
in ASD within these regions. The areas in which the FC abnormalities occur, might 
be characterized by weak FC similarities between ASD subjects, which might be in 
line with work of Hahamy and colleagues (2015) showing idiosyncratic diffuse and 
widespread FC changes in ASD. This suggests that ASD is not a disorder of strongly 
abnormal connections in specific brain regions, but are rather a consequence 
of poor functional specialization in ASD as compared to controls. Evidence for 
attenuated functional specialization accumulated across subcortical-frontal brain 
networks throughout this dissertation, which points to an important role of the 
subcortical-frontal pathways in the neurobiology of ASD.
Future research
The current thesis provides a basic subcortical-cortical framework for abnormal 
amygdala-frontal and thalamic-frontal functional connectivity in ASD. Future 
research might investigate this framework in more detail. This thesis sets the 
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groundwork for describing the mechanisms of altered subcortical-cortical FC in 
ASD. However, the interactions between the vmPFC, thalamus and the amygdala 
were not assessed directly and it also remains elusive which of the structures might 
be identified as the primary source for the abnormalities along these subcortical-
frontal pathways, if such a primary source exists in the neurobiology of ASD.
Future research should also aim to investigate other thalamic pathways in more 
detail. When the prefrontal thalamic-vmPFC hyperconnectivity was identified in 
ASD in chapter 4, there were notably no additional abnormalities found in any of 
the other three thalamocortical pathways in ASD. Specifically the lack of findings 
along the sensory-motor thalamic subregion-cortical pathway was surprising, since 
other thalamus studies in ASD subjects was motivated by its presumable link with 
perceptual processing abnormalities in ASD (Green et al. 2017; Green et al. 2015; 
Green et al. 2013). The lack of such findings in chapter 4 might be a consequence of 
a sampling bias in our ASD population, in which subjects with sensory processing 
issues (e.g. hyper or hyposensitivity) may have been underrepresented. Since 
sensitivity issues were not included in the diagnostic symptom criteria in ASD until 
2013, ASD patients with outspoken sensory symptoms could have been excluded 
from previous studies as well.
Furthermore, the EUAIMS LEAP was designed to deliver biomarkers, in particular 
stratification markers, that stratify the large and heterogeneous ASD group 
into biotypes. Although chapter 5’s results advocate for a subtype agnostic 
prefrontal thalamic diagnostic neural marker, it’s relationship with RRB symptom 
severity might be subtype specific as indicated by the inconsistent RRB symptom 
relationship across the homogenous subsample and the heterogeneous validation 
sample. Future work could extend on my findings and complement my analysis with 
external validation parameters derived from symptom profiles or EEG measures.
Conclusion
In summary, the outcomes of this thesis present further evidence for an 
amygdaloid and thalamic involvement in ASD along socio-perceptual and emotion 
regulating pathways as well as higher-order cognitive control pathways in ASD. 
The abnormalities are not likely caused by local dysfunctions within one of the 
subsystems (like e.g. postulated in the amygdala theory of autism), but should 
rather be interpreted in terms of abnormalities along a subcortical-frontal network 
in ASD. Amygdala-frontal underconnectivity was crucially linked to lower social 
skills in ASD, whereas thalamo-frontal hyperconnectivity was correlated with a 
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compensatory mechanism that alleviates repetitive and stereotypic behaviour in 
ASD. There were also underconnectivity patterns found along amygdala-cortical 
higher-order association pathways in ASD, which was in line with the hypothesis 
that abnormalities along the subcortical-frontal emotion processing network 
might modulate underconnectivity patterns throughout the brain. Although there 
was some support for the hypothesis that a dynamic amygdala-thalamic-frontal 
emotion processing network could modulate symptom manifestation of both 
major symptom domains in ASD, a direct correlation between both abnormal 
pathways was not confirmed and should be investigated in future work. As 
there was a trend towards spatially extended cortical networks in ASD that were 
only accompanied by weak hyperconnectivity patterns in ASD, this dissertation 
provides additional evidence that lower functional specialization might underlie 
the abnormalities along the subcortical-frontal emotion processing pathway in 
ASD. These results shape our understanding for two specific subcortical-frontal 
subsystems (amygdala-frontal and thalamic-frontal) in the neurobiology of ASD 
further, since their dysfunction was forwarded as crucial neural markers for 
predicting the clinical outcome of both of the two core symptom domains of ASD, 
i.e. social-communication subdomain and the repetitive and stereotypic behaviour 
subdomain. 
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Nederlandse Samenvatting
In dit proefschrift heb ik de samenwerking tussen hersengebieden met behulp 
van functionele kernspintomografie (functionele MRI) bij mensen met een 
autismespectrumstoornis (ASS) onderzocht. ASS is een groep neuropsychiatrische 
aandoeningen die worden gekenmerkt door ernstige beperkingen op het gebied 
van sociale interactie, verbale en non-verbale communicatie, alsmede repetitief en 
stereotiep gedrag en afwijkende sensorische processen, zoals omschreven in de 
vijfde editie van het Diagnostic and Statistical Manual of Mental Disorders (DSM-5).
De onderzoeken in dit proefschrift zijn op twee verschillende datasets uitgevoerd. 
De eerste drie experimentele hoofdstukken analyseerden data uit een onderzoek 
dat werd ondersteund door de Hersenstichting. In deze steekproef zijn gegevens 
verzameld bij gezonde adolescenten en adolescenten met ASS zonder comorbide 
stoornissen. Voor het laatste experiment heb ik een steekproef gebruikt die 
voortkwam uit het Longitudinal European Autism Project (LEAP). Dat project maakt 
deel uit van European Autism Interventions - A Multicenter Study for Developing 
New Medications  (EU-AIMS). Het EU-AIMS consortium heeft data verzameld 
in een samenwerking tussen een aantal onderzoeksinstituten in Europa. EU-
AIMS werd in het leven geroepen met het doel diverse biologische subtypen 
bij ASS op onder andere genetisch en neurocognitief niveau te beschrijven 
en van elkaar te onderscheiden. Aan dit onderzoek hebben individuen met 
verschillende symptoomcombinaties binnen het autismespectrum meegedaan, 
zodat verschillende onderliggende klinische kenmerken van ASS bestudeerd 
kunnen worden. Alle experimenten zijn met behulp van gestandaardiseerde 
studieprotocollen op verschillende onderzoeklocaties uitgevoerd. Het gebruik 
van beide steekproeven stelde me in staat om individuen met uiteenlopende 
kenmerken met elkaar te vergelijken en zo nodig van elkaar te onderscheiden. Op 
die manier kon ik onderzoeken of de bevindingen in de homogene steekproef van 
adolescenten ook in een grotere en meer brede groep patienten met ASS te zien 
zouden zijn. 
In mijn dissertatie heb ik gebruik gemaakt van een methode die de sterkte van de 
functionele connectiviteit (FC) tussen hersengebieden in het brein met behulp van 
functionele MRI beelden in kaart brengt. De FC-sterkte is een indirecte neurale 
maat die de efficiëntie in de samenwerking tussen hersengebieden beoordeeld. 
Hierbij heb ik specifiek de samenwerking tussen subcorticale gebieden en corticale 
gebieden (gebieden voor complexe hogere-orde cognitie) bestudeerd bij mensen 
met én zonder ASS. Focuspunt van de experimenten in dit proefschrift waren twee 
belangrijke subcorticale structuren die in eerder onderzoek afwijkingen in het 
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brein vertoonden bij mensen met ASS: de amygdala en de thalamus. De amygdala 
is een amandelvormige structuur binnen het limbische systeem. Het is een van 
de meest bestudeerde onderdelen van het menselijk brein. Eerder onderzoek 
wees uit dat de amygdala betrokken is bij veel aspecten van sociale cognitie, zoals 
emotieherkenning en de regulering van emotionele reacties bij onaangename 
of bedreigende prikkels. Onderzoekers hebben al meerdere afwijkingen in de 
amygdala of diens betrokken netwerken kunnen aanwijzen bij personen met 
ASS. Vanwege zijn centrale functie binnen het sociale hersennetwerk is het 
aannemelijk dat de sociaal-communicatieve en emotie regulerende processen 
waarbij de amygdala een rol speelt, in verband kunnen worden gebracht met 
de sociaal-communicatieve beperkingen binnen het autismespectrum. Hoewel 
recente resultaten suggereren dat de thalamus een belangrijke rol speelt in 
neurobiologische verklaringen van ASS, is onze theoretische kennis over de thalamus 
vooral gebaseerd op diermodellen. De thalamus is het centrale distributiesysteem 
van de hersenen dat inkomende zintuigelijke prikkels doorstuurt naar andere 
delen van de hersenen. Het werkt als informatieverwerkingseenheid voor 
verschillende zintuigelijke modaliteiten, zoals visie, auditie, aanraking, evenals 
motorische verwerking. Afwijkingen in de samenwerking tussen de thalamus 
en de rest van het brein kunnen zo mogelijk in verband worden gebracht met 
de informatieverwerkingsgebreken en zintuiglijke gevoeligheidsproblemen bij 
mensen met ASS. Beide hersenstructuren − de thalamus en de amygdala − bestaan 
uit meerdere kernen met diverse functionaliteiten. Daarom was het doel van mijn 
onderzoek om diens hersennetwerken op gedetailleerde schaal te analyseren en 
te onderzoeken welke kernen afwijkingen in de samenwerking met de rest van het 
brein laten zien. Daarnaast heb ik onderzocht of de neurale afwijkingen binnen 
deze kernen kunnen voorspellen in welke mate welke symptomen aanwezig zijn 
bij mensen met ASS.
In het tweede hoofdstuk heb ik de FC-sterkte van drie amygdala-kernen 
onderzocht om de eerdere amygdala-bevindingen in ASS te kunnen herleiden 
naar specifieke locaties binnen de amygdala. Het was eerder nog niet bekend 
welke van de amygdala-kernen afwijkingen vertonen bij adolescenten met ASS. 
In dit onderzoek heb ik de kernen met behulp van de partiële correlatiemethode 
onderzocht. De partiële correlatiemethode filtert het signaal van elke amygdala-
kern, zodat elk signaal binnen hun bijbehorende amygdala-netwerk alleen 
connecties vertoonde die niet met de andere amygdala-kernen gedeeld werden. 
De grenzen van de drie kernen waren gedefinieerd op basis van een anatomisch 
breinatlas en komen overeen met de laterobasale, centromediale en superfisciale 
amygdala-kernen. Ik toonde aan dat verminderde FC-sterkte zich beperkte tot 
de linker superfisciale en rechter laterobasale kernen, die beide processen 
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voor waarneming ondersteunen. Dit werd bevestigd doordat de connectieve 
afwijkingen van deze kernen met name te zien waren in de samenwerking met 
sensorische integratiegebieden in de cortex. Dit zijn corticale gebieden die 
sensorische prikkels tussen verschillende zintuigelijke modaliteiten (visueel, 
tactiel, auditief etc.) samenvoegen. De centromediale amygdala, die emotionele 
reacties ondersteund, bleek niet aangetast te zijn. Omdat de amygdala-kernen 
grofweg in twee functionele categorieën geclassificeerd kunnen worden 1) kernen 
die inkomende prikkels waarnemen en verwerken (input nuclei) en 2) kernen die 
emotionele reacties reguleren (output nuclei), stelde ik daarnaast ook nog vast dat 
kernen met afwijkingen tot de groep met input functionaliteit behoren, waarbij de 
output nuclei gespaard bleven. Hiermee gaan mijn resultaten tegen de bekende 
amygdala theory of autism in. Deze theorie stelt dat de amygdala een centrale 
rol speelt bij de neurobiologische oorzaak van ASS, maar mijn resultaten geven 
geen aanleiding voor deze conclusie. Aangezien de corticale afwijkingen in mijn 
proefschrift alleen in de input-kernen te zien zijn en in geen van de output-kernen, 
is het onwaarschijnlijk dat processen die intern in de amygdala plaatsvinden 
verantwoordelijk zijn voor de gevonden neurale afwijkingen binnen de amygdala-
netwerken. Veeleer zijn die het gevolg van veranderingen in andere gebieden. 
Nadat ik de locaties van neurale afwijkingen binnen de amygdala ontdekt had, heb 
ik ook geanalyseerd of deze afwijkingen verband hielden met ASS-symptomen. 
Hiervoor heb ik geen bewijs kunnen vinden. 
In het derde hoofdstuk van het proefschrift heb ik een aangepaste methode in 
dezelfde adolescente steekproef gebruikt om de FC-sterkte van de amygdala 
binnen specifieke sociale breinnetwerken te onderzoeken. In hoofdstuk 2 waren 
de grenzen van de verschillende amygdala-kernen op basis van anatomische 
grenzen binnen de amygdala gedefinieerd. In hoofdstuk 3 heb ik de grenzen van 
drie amygdala gebieden bepaald op basis van hun functionele connectiviteit met 
corticale ankerpunten uit het sociale breinnetwerk. Mijn verwachting was dat 
amygdala-kernen die functioneel gedefinieërd worden en zo de betrokkenheid 
binnen functionele sociale netwerken weerspiegelen, mogelijk beter 
overeenkomen met de neurale paden die verantwoordelijk zijn voor de sociale 
ASS-symptomen. De ankerpunten voor de sociale breinnetwerken zaten in de 
frontale hersenkwab: de caudale anterior cingulate cortex (cACC), ventromediale 
prefrontale cortex (vmPFC) en laterale prefrontale cortex (lOFC). Deze gebieden 
vormen het centrum in cognitieve processen voor respectievelijk vermijdend 
gedrag, sociale aansluiting en sociale waarneming. Hiervoor heb ik eerst de 
unieke FC-sterkte voor ieder ankerpunt binnen de gehele amygdala berekend. Dit 
resulteerde in drie statistieke amygdala-mappen die de FC-sterkte met elk sociaal 
breinnetwerk vertegenwoordigen. Om te bepalen welk breinnetwerk voornamelijk 
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actief is binnen een specifiek deel van de amygdala om zo de kernen te definiëren, 
heb ik de FC-sterkte op elk punt in de amygdala tussen de drie netwerken met 
elkaar vergeleken. Daaruit kon ik uitmaken welk deel binnen de amygdala het 
intensiefste samenwerkt met welke van de drie sociale breinnetwerken. De 
berekening vormde drie gesloten kernen welke de namen APF parcel (FC tussen 
mediale amygdala en vmPFC), AOF parcel (ventrolaterale amygdala en lOFC) en 
ACC parcel (dorsale amygdala en ACC) kregen. Toen ik vervolgens de grootte van 
deze parcels tussen gezonde deelnemers en deelnemers met ASS vergeleek, bleek 
het netwerk voor sociale waarneming in de amygdala een significant groter deel 
in te nemen bij deelnemers met ASS dan bij gezonde deelnemers. Uit aanvullende 
analyses bleek echter ook dat de FC-sterkte binnen een ander sociaal breinnetwerk, 
namelijk het breinnetwerk voor sociale aansluiting, verminderd was. Doordat 
dit netwerk minder sterke connecties heeft in ASS, heeft de AOF parcel van het 
netwerk voor sociale waarneming meer ruimte binnen de amygdala ingenomen. 
De vergrote AOF voorspelde bovendien lagere sociale vaardigheden gemeten met 
de Autism Questionnaire (AQ), een diagnostisch instrument, in deelnemers met 
ASS. Dit levert bewijs voor een dynamische relatie tussen de amygdala-kernen en 
hun gedeelde betrokkenheid bij lagere sociale vaardigheden bij mensen met ASS. 
In het vierde en vijfde hoofdstuk richtte ik me op de neurale afwijkingen 
binnen vier anatomisch gedefinieerde thalamuskernen bij adolescenten met 
ASS, omdat de thalamus een wezenlijke rol speelt in de verwerking en verdeling 
van zintuigelijke prikkels en de waarneming van complexe sociale informatie. 
Het thalamusonderzoek in hoofdstuk 4 beschrijft de FC-sterkte tussen de vier 
belangrijkste thalamuskernen en hun vier bijbehorende corticale gebieden, 
om mogelijke afwijkende samenwerkingen binnen de thalamusnetwerken aan 
specifieke regio’s binnen de thalamus te kunnen koppelen. Hiervoor heb ik 
functionele MRI data in dezelfde adolescenten deelnemers uit hoofdstuk 2 en 
3 geanalyseerd. Ik heb bovendien geprobeerde de afwijkingen in samenhang te 
brengen met specifieke ASS-symptomen. Hiervoor waren voor aanvang van dit 
onderzoek het Autism Diagnostic Interview (ADI) en de AQ-vragenlijsten bij alle 
deelnemers met ASS afgenomen. Het grootste deel van de eerdere studies naar 
de invloed van de thalamus bij ASS heeft de thalamus als eenheid onderzocht, 
maar niet de specifieke bijdrage van elke kern. De weinige onderzoeken die wel 
de FC in thalamus-kernen met corticale gebieden hebben bestudeerd, deden dit 
op basis van gecombineerde hersensignalen over een hele corticale kwab in plaats 
van in elk punt binnen de kwabben. Met andere woorden, de uitkomsten in eerder 
onderzoek hebben de afwijkende thalamusnetwerken in ASS niet goed kunnen 
lokaliseren. Hiervoor heb ik in hoofdstuk 4 een oplossing bedacht, door gebruik 
te maken van een methode die specifieke details in zowel de vier unilaterale 
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thalamuskernen alsook diens bijbehorende corticale kwabben waarborgden. Op 
deze manier heb ik bewijs gevonden voor een tot nu toe onbekend effect dat 
mogelijk aanleiding geeft om te vermoeden dat repetitief en stereotiep gedrag 
in ASS beïnvloed wordt door complexe hogere-orde processen in ons brein. De 
bevindingen toonden verhoogde connectiviteit tussen de rechter prefrontale 
thalamus kern en een klein gebied in de ventromediale prefrontale cortex (vmPFC) 
aan in onze ASS-populatie. Dit effect was sterker bij deelnemers waarbij uit het 
ADI-interview was gebleken dat ze meer symptomen in het domein van repetitief 
en stereotiep gedrag vertoonden.
In hoofdstuk 5 heb ik de FC-sterkte tussen de prefrontale thalamuskern en de 
vmPFC opnieuw berekend in 15 verschillende steekproeven. Tot nu toe zijn er 
weinig robuuste neurale markers voor ASS naar voren gebracht in de vakliteratuur, 
omdat veel onderzoek op kleine steekproeven met specifieke kenmerken is 
uitgevoerd, waardoor de bevindingen veelal moeilijk te repliceren zijn.  Daarom 
heb ik in mijn onderzoek data uit 15 steekproeven voor statistieke analyse met 
elkaar gecombineerd. Deze steekproef bestond uit een heterogene groep 
deelnemers met ASS waarin lichtere vormen van ASS geen exclusiecriterium 
vormden. Daarnaast maakten meer vrouwelijke deelnemers en deelnemers tussen 
5 en 30 jaar deel uit van deze steekproef. Dit experiment was ontworpen om 
te onderzoeken of het thalamuseffect − dat ik in hoofdstuk 4 bij de homogene 
steekproef (voornamelijk jongens tussen de 12 en 22 jaar) ontdekt heb − ook in 
de algemene ASS-populatie te zien is. De hyperconnectiviteitspatronen tussen de 
rechter prefrontale thalamus en de vmPFC waren inderdaad reproduceerbaar in 
de heterogene steekproef. Hieruit heb ik kunnen afleiden dat het effect robuust 
is en dat deze neurale marker ook in de gehele ASS-populatie van toepassing is. 
Ook hier voorspelde de prefrontale thalamus afwijking hoe sterk repetitief en 
stereotiep gedrag bij de deelnemers aanwezig waren, maar in tegenstelling tot 
hoofdstuk 4, toonde ik in hoofdstuk 5 aan dat hogere FC-sterkte juist samenhangt 
met een vermindering van repetitief en stereotiep gedrag in ASS. Dit resultaat 
geeft aanleiding voor een andere interpretatie van de afwijkingen, waarin 
hyperconnectiviteit tussen de thalamus en de prefrontale cortex geen oorzakelijk 
verband houdt met repetitief en stereotiep gedrag in ASS, maar mogelijkerwijs 
een compensatiemechanisme weerspiegelt. Het compensatiemechanisme zou 
een versterkte samenwerking tussen de prefrontale thalamus en de vmPFC 
bij mensen met ASS in staat kunnen stellen om repetitief en stereotiep gedrag 
te onderdrukken.  Deze theorie wordt verder ondersteund doordat de vmPFC 
voornamelijk bekend staat om ongewenst gedrag te onderdrukken. 
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In dit proefschrift beoogde ik een raamwerk voor functionele neurale processen 
te formuleren die op gedetailleerd niveau afwijkingen in de functionele netwerken 
van twee belangrijke subcorticale hersenstructuren lieten zien. Afsluitend zal 
ik de bevindingen in dit proefschrift met elkaar verbinden en in de context van 
bestaand onderzoek uit de vakliteratuur plaatsen. Omdat de vmPFC voornamelijk 
geassocieerd wordt met de onderdrukking van ongewenst gedrag en deze 
structuur een grotere rol in de afwijkingen in ASS heeft laten zien, heb ik nadat 
mijn experimenten afgerond waren aanvullend onderzoek gedaan naar connecties 
ervan met de thalamus en amygdala. De motivatie voor het aanvullende onderzoek 
haalde ik ook uit onderzoek in muizen, dat aantoonde dat repetitief gedrag − dat 
ook in muizen in verband werd gebracht met de thalamus − beperkt kon worden 
door interventie in de amygdala, waardoor het sociale gedrag van de muizen 
verbeterde. Ik heb in mijn eigen data echter geen direct verband kunnen vinden 
tussen de sociale beperkingen in ASS die verband hielden met lagere amygdala 
connectiviteit en het verbeterde repetitief en stereotiep gedrag in samenhang 
met thalamus hyperconnectiviteit in hoofdstuk 4. 
Naast de significante groepsverschillen heb ik ook aandacht besteed aan de 
patronen die alleen binnen de ASS-groep te zien waren, d.w.z. de hoofdeffecten 
die niet het resultaat waren van een directe vergelijking tussen de ASS-groep 
en gezonde deelnemers.  Hierbij viel op dat de functionele netwerken zich bij 
deelnemers met ASS over het algemeen over grotere delen van de hersenen 
uitstrekken dan bij gezonde deelnemers. De bevindingen uit hoofdstuk 3 sluiten 
aan bij deze hypothese, die bij de directe vergelijking tussen gezonde deelnemers 
en ASS-deelnemers een vergroot sociaal waarnemingsnetwerk binnen de amygdala 
in ASS liet zien. Alsnog geven de bevindingen in mijn onderzoek geen aanleiding 
om te denken dat grotere netwerken ook gepaard gaan met een verbeterde 
samenwerking tussen deze gebieden. Toen ik in hoofdstuk 3 onderzochte of de 
netwerkgrootte gepaard ging met hogere FC-sterkte, bleek dit niet het geval 
te zijn. Weliswaar heb ik ook in hoofdstuk 4 een direct groepsverschil met de 
verhoogde FC-sterkte aangetoond tussen de prefrontale thalamus en de vmPFC, 
maar bij nadere visuele beoordeling van alleen de hoofdeffect plaatjes binnen 
de ASS-groep en binnen de gezonde groep sprong er bij nauwkeurige inspectie 
onmiskenbaar uit dat de specifieke locatie met verhoogde FC-sterkte binnen de 
vmPFC bij gezonde deelnemers helemaal geen verbindingen op die plaats lieten 
zien. Ook dit leek het gevolg te zijn van een groter thalamus-prefrontal netwerk 
in de ASS-groep. Hierdoor is het mogelijk dat ook een relatief lage samenwerking 
binnen dit netwerk in ASS op deze specifieke plek verhoogd is, waardoor de 
gevonden hyperconnectiviteit niet per se extreme hyperconnectiviteit reflecteert. 
Daarom heb ik de theorie geformuleerd dat hersenverbindingen over het algemeen 
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mogelijk minder sterk zijn in ASS dan die bij gezonde mensen, al is het ook 
mogelijk dat dit patroon zich alleen voordoet in subcorticale-corticale netwerken. 
De uitgebreidere netwerkgrootte zou in andere netwerken, bijvoorbeeld de 
geheugen netwerken, wel sterker kunnen zijn, wat sommige van de bijzondere 
talenten bij deelnemers met ASS zou kunnen verklaren. Maar in dit onderzoek 
zouden de vergrootte thalamus-frontale en amygdala-corticale netwerken 
waarschijnlijk eerder het gevolg kunnen zijn van lagere functionele specificiteit 
in de hersenen van individuen met ASS. Functionele specificiteit is een neuraal 
rijpingsproces waarbij hersengebieden die aan het begin van de ontwikkeling 
diffuse en minder specifieke connecties vertonen gedurende de ontwikkeling 
functioneel en structureel steeds meer afgebakend en specifieker worden. Omdat 
alle hoofdeffecten uit elk experimenteel onderzoek in dit proefschrift grotere 
netwerken liet zien in deelnemers met ASS, waarbij het overgrote deel van de 
getoonde connecties gepaard gaat met lage of zelfs verlaagde FC-sterkte, levert 
dit proefschrift verder bewijs voor afwijkende functionele specificiteit als een van 
de neurobiologische oorzaken van ASS.
Het huidige proefschrift biedt een subcorticaal-corticaal raamwerk voor abnormale 
amygdala-frontale/amygdala-corticale en thalamus-frontale functionele 
connectiviteit bij ASS. Vervolgonderzoek zou de twee hersengebieden samen 
met de vmPFC verder kunnen onderzoeken, aangezien alle drie structuren deel 
uitmaken van een dynamisch breinnetwerk dat toekomstig eventueel verschillende 
symptoom samenstellingen binnen het autismespectrum kan verklaren. Zo zou het 
netwerk tussen alle drie hersengebieden ook een mogelijke rol bij de ontwikkeling 
van therapeutische interventies kunnen spelen. 
Toekomstig onderzoek zou ook nader kunnen focussen op andere thalamus routes. 
Het was verassend dat ik alleen de prefrontale thalamus kern kon aanwijzen in 
ASS, waarbij vooral het gebrek aan bevindingen langs de sensorische-motorische 
thalamus route me verraste. Oorspronkelijk had ik namelijk het vermoeden dat 
het thalamus onderzoek bijvoorbeeld de zintuiglijke over- of ondergevoeligheid 
of de motorische problemen terug zou kunnen koppelen aan de thalamus kern 
die verantwoordelijk is voor sensorische-motorische processen. Maar omdat de 
gemeten thalamus signalen door zijn alomvattende betrokkenheid door het hele 
brein vermoedelijk niet zuiver genoeg zijn, is het ook in dit onderzoek moeilijk 
gebleken om meer thalamuskernen aan de neurobiologische modellen van ASS te 
verbinden. 
Bovendien was de EUAIMS LEAP ontworpen om biomarkers, met name 
stratificatiemarkers, te leveren die de grote en heterogene ASS-groep opdeelt 
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aan de hand van hun specifieke kenmerken. Hoewel de resultaten van hoofdstuk 5 
ervoor pleiten dat onze prefrontale thalamus marker in de algemene ASS populatie 
te zien is, kan zijn relatie met symptomen wel afhankelijk zijn van specifieke 
kenmerken. Zoals aangegeven ging de correlatie met het repetitief en stereotiep 
gedragspatroon in de homogene groep adolescenten een andere kant op dan in de 
heterogene steekproef. Met leeftijd of geslacht heeft dit effect echter geen verband 
gehouden. Mogelijkerwijs heeft de oorzaak van de tegenovergestelde effecten 
te maken met hoe sterk de thalamus-prefrontale verbinding in ASS-deelnemers 
van gezonde deelnemers afwijkt. In de homogene adolescente steekproef heb ik 
gemiddeld minimaal twee keer zo sterke hyperconnectiviteit gevonden dan in de 
gehele replicatie sample. Als ik in de heterogene steekproef de data nogmaals ging 
analyseren op een gelijk grote selectie uit deelnemers met vergelijkbaar extreme 
hyperconnectiviteitsparonen in ASS, ging de gedragscorrelatie ook daar dezelfde 
kant op als in de homogene groep adolescenten met ASS. Bij zo’n soort optimum 
effect zou het compensatiemechanisme in het prefrontale thalamus-netwerk de 
repetitief en stereotiepe symptomen alleen in staat kunnen zijn om de symptomen 
te onderdrukken zolang de hyperconnectiviteit onder een bepaalde drempel blijft. 
Dit resultaat geeft wel de noodzaak aan voor de verdere ontwikkeling van subtype 
specifieke eigenschappen voor deze neurale marker.  Toekomstig werk zou 
kunnen voortbouwen op mijn bevindingen en mijn analyse aanvullen met externe 
validatieparameters afgeleid van symptoomprofielen of EEG-maten.
Samenvattend kon ik specifieke amygdala en thalamus kernen aanwijzen die 
betrokken zijn bij de neurale processen bij mensen met ASS. De afwijkingen 
kwamen vooral binnen sociale en (emotie)regulerende netwerken tevoorschijn 
of netwerken waarin zintuigelijke informatie samengevoegd wordt in het brein 
bij ASS. Ik heb gevonden dat minder sterke amygdala-frontale verbindingen 
binnen het netwerk voor sociale aansluiting vermoedelijk ervoor zorgen dat 
het netwerk voor sociale waarneming onnatuurlijk groot is in ASS. Dit was ook 
gerelateerd aan minder goede sociale vaardigheden. De samenwerking tussen 
hersengebieden binnen het thalamus-frontale netwerk was hoger in ASS en hangt 
mogelijk samen met een compensatiemechanisme dat repetitief en stereotiep 
gedrag bij ASS onderdrukt. Mijn proefschrift bracht ook een speciale rol van 
de subcorticale-frontale netwerken naar voren, waarbij veranderingen in de 
functionele specialisatie een belangrijke verklarende rol zouden kunnen spelen 
voor de symptomen van mensen met ASS. 
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Finishing a PhD trajectory is like watching Game of Thrones: Like winter in Game 
of Thrones, anxiously you expect the end of your PhD to come anytime soon. 
However, at that point, you still have to hold your breath for a couple of seasons. 
And like the people in Game of Thrones, its arrival strikes you by surprise anyway. 
But not every aspect of my journey is comparable to the series, since I’ve decided 
to write a plausible ending for my dissertation. To be honest, finishing my PhD cost 
more time and effort than I expected,  and I couldn’t have crossed the finish line on 
my own. There are so many people who played important roles before and during 
my PhD. Some contributed to my work directly, others supported, or guided me 
on an emotional level, or helped building the fundament for this work a long time 
ago. 
My promotors supported my work in many ways, and I want to thank you for the 
confidence you placed in me. After finishing my master thesis in Christian’s lab, 
Christian offered me a paid internship. With the help of Wouter and Jan, the paid 
internship turned into a PhD position within the EUAIMS LEAP project. I’ve always 
felt privileged for the opportunity to work with such great promotors and co-
promotors. 
Christian, I admire your ability to turn vague ideas into meaningful concepts. I have 
learned a lot in your lab. One of the most important things that you taught me is 
that problems -when seen from a different perspective- can turn into opportunities. 
There is one thing though: Whenever I think about our SIN meetings, a picture of 
my little pony pops into my head. Do you know how annoying that was when I was 
still working at the Donders full-time? Therefore, two years into my PhD, I was 
standing in Albert Heijn and encountered a  my little pony doll. I thought that, 
if I kept it until after my PhD and hand it over to you, I might be able to cure my 
condition.
Jan, whenever I stumble across the book ‘7 habits for highly effective people’, your 
name pops into my head. I can send a 10-page long summary to you at 1.30 a.m., 
and you will have reviewed everything by 7 a.m. You’ve always been the quickest 
to answer my mails throughout these years. Since you are going to retire this year, 
I wanted to take the acknowledgements as an opportunity to tell you that I -and 
many other PhD students with me- were lucky to get your support. You may look 
back at a career with impressive academic achievements, but what’s maybe even 
more impressive is that you guided so many PhD students through the process 
successfully.
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I would also like to thank my co-promotors Wouter and Koen. Wouter, when I say 
that this work wouldn’t have been possible without you, I couldn’t be me more 
serious. You have been a role model to me since you started supervising my master 
thesis. Next to your expertise, you made me believe in myself and I appreciate 
all your emotional and practical support. Koen, we have spent the most hours 
together checking and writing up results, digging into the material, preparing 
posters and talks during my PhD. I’ve enjoyed working with you and I always valued 
your energy and drive to improve my work. You’ve always stimulated me to go one 
step further than I would or could have on my own. 
Together and on your own, you were great supervisors. Every single one of you 
came up with brilliant solutions to any kind of problem and I’ve learned a lot from 
working with you. I really appreciate all your efforts.   
I would also like to thank the manuscript committee for reading my thesis and 
providing good feedback.
Many thanks to all the amazing colleagues at the Donders Institute and the 
Radboudumc. I’ve realized that it is a privilege to work in such a sophisticated 
and professional environment and have so many good and helpful people around 
me. Special thanks to the CNS administration, the MRI and EEG lab support, the 
DCCN administration, Tildie, and the technical support with amongst others Mike, 
Marek and Jessica. All of you made substantial efforts to support my research and 
employment. I would also like to thank the Statistical Imaging in Neuroscience 
(SIN) group members for all the critical, funny and most of all useful feedback 
during the meetings. I want to thank Maarten, Wei and Erik for their help with the 
data preprocessing during the PhD and master thesis. 
There are a couple of colleagues at the Donders Institute that were especially 
helpful even though I didn’t collaborate with them directly. Marianne and Raimon, 
you were always quick to help me with useful scripts and information on data 
processing. Thanks Sophie and Izabella, that you endured my many questions 
about Donders related stuff. Thanks Daniel, I enjoyed being your office mate. You 
really helped me out that time when I got (desperately) stuck on a pipeline issue 
for days - despite your own deadline. I would also like to thank the members of the 
Bitcoin B’s , Nils and Nils and Chris, for taking my mind off of the dissertation with 
our endless discussions and meetings, and for helping me with all kinds of stuff. 
Natalia, Jill, Roselyne your drinks, dinners and parties delighted my time at the 
institute. 
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I spent a substantial amount of my PhD working with the RUNMC EUAIMS LEAP 
team and collaborators throughout Europe. I appreciate your support and the 
hard work throughout these years. I want to thank all the interns, students, 
PhD students and research assistants that contributed to the data collection 
and coordination of the EUAIMS LEAP study like Carsten, Daniel, Ineke, Maartje, 
Annemieke, Larry, Noortje, Dewy, Mariska, Nicole and Yvette and many more! I 
also enjoyed our lunches and other social activities. I would also like to thank all 
the adolescents from the Hersenstichting study  (‘the homogeneous adolescent 
sample’) of my thesis. Your contribution builds the foundation for two-thirds 
of this doctoral dissertation at least. Furthermore, I would like to thank all the 
families that participated in the EUAIMS LEAP study. It’s incredible how many 
families were willing to participate in our study, especially since the test battery 
was quite demanding and time consuming. Next to chapter 5 of my dissertation, 
I’m confident that your data will make a lot of impact in the field.
Of course, I would also like to thank my paranymphs Christian and Sarah. One of 
the reasons that I’ve asked you to be my paranymphs, is because we have been 
through special times together. Christian you’ll probably be the only husband in 
my life (.) who I became friends with after we got married. Given that most of my 
college friends haven’t been around for a long time, it’s special that our paths kept 
crossing throughout all these years. Sarah, I would not have liked to miss out on all 
the fun you brought into my life. You are a lovely person and probably one of the 
kindest people that I know. I’m happy that we met at WOW-EFFECT. 
Which brings me to WOW-EFFECT. Wow, what can I say. We’ve developed close 
friendships, shared tears of joy and sorrow. The group has also helped me a lot to 
overcome my stage fright. All the improvisation and acting exercises helped me 
tremendously to get through presentations and talks during my PhD. I even came 
to enjoy them. I would like to thank Tulya, Tanya, Ruud, Piyush, Maria and Elena and 
the rest of the crew for all the special moments we shared together.
I’ve spent a considerable share of my life sitting, falling, running, sweating, 
gasping, screaming and hurting on a soccer field. I also played soccer there. One’s 
life quickly starts to evolve around soccer because of the practice and match days 
e-v-e-r-y week. Next to the social aspect, I‘ve always considered playing soccer as a 
way to stay in shape. That was before I met the Dames van vvTrekvogels, who made 
sure that every single calorie that I burned on the field would be compensated for 
in the canteen afterwards. I’ve enjoyed being part of Dames 2 and Dames 3 (which 
later became Dames 4) at vvTrekvogels and it was the perfect stress relieve during 
my PhD. There is never a dull moment with you guys. 
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I also want to express my gratitude to some of the many lovely people from 
Enschede. Admittedly, the reason why I want to thank these people in the context 
of my PhD may be less straight forward, because I lived in Enschede long before I 
started my PhD. However, I do believe that meeting them strongly shaped my life 
and career expectations and pushed me in this direction. They also have a special 
place in my heart, since all of them were part of a unique time in my life. Diana, 
Henk, Tibbe, Vera, Maaike, Evelien, Carmen, Lieke, Leonie, Marlien, Dani, Jochem, 
Simon, Karen, Meine, Ella, Tim, Joran, Mart, Rick, Michiel, Auke, Heiko, Jaap and 
Casper,  I’ll always look back with a smile.
Simone, Heidi, Nicole, Clara, Nina, Natalie, Lena, Babsy and Christiane: thanks for 
sticking with me all this time. I’ve known most of you since we were children and 
you guys dragged me through high school. That’s why we share so many hilarious 
and special memories together. Our friendship is incredibly valuable to me.
Throughout my life, I’ve enjoyed good education overall. There were multiple 
outstanding teachers along the way, who helped me navigating challenging 
material. But I would like to address one high school teacher separately, Thomas 
Riedel. Herr Riedel, you always seemed to believe in me even when I did not and 
you were very supportive when I needed it. Sometimes, I’m wondering if I’d be 
standing where I am right now, without your support in high school. Another 
honorary mention goes to my Bachelor thesis supervisors, Elger Abrahamse and 
Marit Ruitenberg, who stimulated my interest in cognitive research. 
When I started working as data science consultant at Ordina last January, I had to 
spend many evenings and weekends finishing my PhD. Publishing a book, preparing 
a defense and rounding everything up at the institute is harder when you start 
working outside of academia and live in a different city. So, when I got hired by the 
Nederlands Woning Waarde Insituut (NWWI) via Ordina, I was dependent on the 
trust and support of my current work environment. Sometimes I had to take a day 
off on short notice, or I asked for extra training days. I was lucky to find the much 
needed support in my current managers Alex and Ted and the rest of my delightful 
new colleagues. I realize that I’m lucky to get the chance to work in such an open 
and stimulating environment. 
Zu guter Letzt möchte ich ein paar Worte an meine Familie richten. Eine 
Doktorarbeit verlangt oftmals auch viel von den Leuten in der direkten Umgebung 
des Doktoranten. Darum möchte ich mich bei meinen Eltern, Gerlinde und Hans-
Josef, meinen Geschwistern, Sarah, Marvin und Yannik, meiner Oma, Gertrud, und 
dem Rest meiner Familie bedanken für eure Liebe, euer Verständnis und eure Hilfe, 
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die ihr mir immer gegeben habt. Als laatste wil ik Margot bedanken. Al de keren dat 
ik in gedachten afwezig was vanwege mijn promotie, of op de meest onmogelijke 
tijdstippen nog aan de slag moest gaan om iets af te maken, heb je begrip getoond 
of me juist weer terug op aarde weten te brengen. Het promotietraject heeft ook 
jou veel energie gekost en ik wil jou ontzettend bedanken voor jouw onvermoeibare 
steun hierin. 
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Curriculum Vitae
Annika was born on 2nd of December 1987 in Bad 
Neuenahr – Ahrweiler, Germany. After fi nishing high 
school at the Peter-Joerres Gymnasium in 2007 she 
left Germany to pursue a Bachelor in Psychology 
at the University of Twente in Enschede, the 
Netherlands. Annika fi nalized her Bachelor thesis 
on the topic of motor learning in 2011. She obtained 
the Twente mobility fund for a 2 month internship 
at the Pablo de Salud hospital in Ecuador, where 
Annika investigated employee culture. Annika also 
obtained a Minor in International Business at the University of Twente. As Annika 
became interested in cognitive research in the second year, she later started the 
two year research Master Cognitive Neuroscience at the Donders Institute in 
Nijmegen in 2011, where she specialized in functional connectivity fMRI analysis 
in Autism Spectrum Disorder. In 2014, she continued working on this topic as PhD 
candidate within the European EU-AIMS LEAP project, where she developed a 
keen interest in data analytics. Therefore, she completed courses about relational 
databases, statistics and programming at the science faculty of the Radboud 
University. She actively participated in public outreach activities throughout the 
PhD program and trained students. From January 2019 onwards she has been 
working as Data Science Consultant at the ICT company Ordina, where she got 
hired by the Nederlands Woning Waarde Instituut (NWWI) for the development of 
automated validation tools.
Completed graduate courses:
Refresher course in statistics (15-ST3), Science faculty, 3EC 
Frequentist statistics (SOW-BKI107), Artifi cial Intelligence, 6EC
Databases (NWI-IPC024), Computer Science, 3EC
Modelleren (NWI-IPC019), Computer Science, 3EC
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young 
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and 
Behaviour established the Donders Graduate School for Cognitive Neuroscience 
(DGCN), which was officially recognised as a national graduate school in 2009. The 
Graduate School covers training at both Master’s and PhD level and provides an 
excellent educational context fully aligned with the research programme of the 
Donders Institute. 
The school successfully attracts highly talented national and international students 
in biology, physics, psycholinguistics, psychology, behavioral science, medicine and 
related disciplines. Selective admission and assessment centers guarantee the 
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD 
alumni show a continuation in academia with postdoc positions at top institutes 
worldwide, e.g. Stanford University, University of Oxford, University of Cambridge, 
UCL London, MPI Leipzig, Hanyang University in South Korea, NTNU Norway, 
University of Illinois, North Western University, Northeastern University in Boston, 
ETH Zürich, University of Vienna etc.
Positions outside academia spread among the following sectors: 
-  specialists in a medical environment, mainly in genetics, geriatrics, psychiatry and 
neurology,
-  specialists in a psychological environment, e.g. as specialist in neuropsychology, 
psychological diagnostics or therapy, 
-  higher education as coordinators or lecturers. 
A smaller percentage enters business as research consultants, analysts or head 
of research and development. Fewer graduates stay in a research environment as 
lab coordinators, technical support or policy advisors. Upcoming possibilities are 
positions in the IT sector and management position in pharmaceutical industry. In 
general, the PhDs graduates almost invariably continue with high-quality positions 
that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please 
visit: http://www.ru.nl/donders/graduate-school/phd/

